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PREFACE 


During- the past twenty-five years the applications of Physics to Industry have 
grown enormously. The National Physical Laboratory was opened in 1900, while 
Universities and Technical Colleges have multiplied, and recent years have seen 
the growth of the Department of Scientific and Industrial Research, with its 
Research Associations in many fields, its studentships, and its' skilled Research 
workers. 

Meanwhile, the results of the labours of the past are, for the most part, 
scattered in the Proceedings of learned Societies or stored in the brains of the 
active workers to whose efforts they are due. 

To find out what are the latest methods of Calorimetry, what exactly is 
known about the laws of Friction, how far has the theory of the Steam Engine 
advanced, what are the principles on which methods of accurate gauging or of 
the determination of the many factors which come into the lay-out of a big 
electrical plant, the design of a, Dynamo, or the methods of Pyrometry are based, 
means a long search in Libraries and, not infrequently, a futile journey to some 
place where it is hoped the wished-for information may be found. 

The Science of Aeronautics, the Design of Optical Instruments, the Methods 
of Metallurgy, the Construction of Clocks, Telescopes or Microscopes, the Laws 
of Music and Acoustics are all based on Physics. 

The manufacturer who is concerned with these and, indeed, with countless 
other subjects must know, not perhaps all that has been done—that would be 
too heavy a task but where he may find the latest and most accurate informa¬ 
tion on the subject with which lie is mainly concerned. This it has been the 
object of the Dictionary of Applied Physics to give. Applied Physics is a wide 
subject and the task has been a heavy one. > 

The Dictionary will appear in five volumes of 800-1000 pages each, and, as 
will be seen from the names of some of the principal contributors, the Editor has 
been fortunate in securing the help of those most competent to write on each 
subject. His thanks are due, in the first place, to these colleagues, without whose 
cordial help the Dictionary could not have been produced. He is also indebted 
to a number of Scientific Societies whose Councils ha#e allowed use of illustra¬ 
tions from their Proceedings to be freely made. Among these should be men¬ 
tioned in particular the Royal Society, the Institution of Mechanical Engineers, 
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and the Institution of Electrical Engineers. The same help has been readily 
afforded by a number of Publishers. 4 

It is clear that, with so large a range of subjects, any individual worker will, 
probably, be concerned mainly with one branch, and, with this in view, the 
volumes have been arranged, as far as possible, in subjects. To obtain informa¬ 
tion as to the latest advances of Applied Electricity it will not be necessary to 
purchase the sections of the Dictionary dealing with Aeronautics or Meteorology. 
The arrangement in each volume is alphabetical, but, at the same time, it has 
been thought best to deal with each main subject—for example, the Thermo¬ 
dynamics of the Steam Engine—in a continuous article; references are given, 
each in its own alphabetical position, to the headings of the various sections of 
an article and to the more important subjects which it includes. 


R. T. G. 


Dictionary of Applied, Physics. 


CORRIGENDA, VOL. I 

Page ix, List of Contributors, insert Whbtham, W. C. D., M.A., F.R.S.—Phase Rule. 
„ 89, col. 2, last, formula, for 0 read 0. 

„ 91, col. 2, Table, for independent read inductive. 

255, col. 1, line 29, for AB x BC = AO 2 read AB x AO=AO 2 . 

„ 255, col. 1, line 39, omit M from the product. 

„ 255, col. 1, line 44, for equation (1) read equation (2). 

„ 255, col. I, line 45, interchange <f> and 9. 

*256, col. 1, N.B. _R is used to denote both the radius of the rod and the force. 

265*, col. I, line 7, for Ingles read Inglis ; also in Index, p. 1000, col. 2. 

„ 395, col. 1, last line, for to read towards. 

„ 503, col. 2, formulae at top of column, for W{(A/o) - 1} read W [(A/a) 2 - 1}. 

„ 541, col. 2, line 32, for Points read Parts. 

546, col. 1, lines 30 and 34, for tangential read transverse. 

„ 546, col. 2, line 30, for on I) read on DP. 

„ 546, col. 2, line 32, for Z 1 read Z' to tally with figure. 

„ 547, col. I, line 33, for I bo read I So . 

„ 547, col. 1, line 37, after moving insert relatively to A. 

„ 549, col. 1, lino 40, after so insert that. 

„ 591, col. 2, line 11, after exceed insert by more than. 

„ 735, col. 1, line 43, for force read speed. 

„ 735, col. 1, line 50, for plain read plane. 

rb (IQ 

„ 935, col. 1, formula 11, read I 

J a X 

1066, col. 1, line 17 from end, insert Thomson, James, before rope brake. 
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ABSOLUTE SCALE OF TEMPERATURE-AIR METERS 


A 


Absolute Scale of Temperature (Kelvin). 
If a perfectly reversible heat -engine takes 
in a quantity of heat Q x at temperature T x 
and rejects Q 2 at temperature T 2! then 
Qx/Ti = Q 2 /T 2 provided the temperatures 
T\ and T a are measured on the absolute 
thermodynamic scale. Hence the ratio 
of two temperatures on that scale is equal 
to the ratio of the heat taken in to the 
heat rejected by any perfectly reversible 
engine working between those temperatures. 
See “Thermodynamics,” §§ (17), (22); 
“ Engines, Thermodynamics ' of Internal 
Combustion,” ”§ (7). 

Absolute Zero, Definitions of, on “ Gas ” 
and “Work" Scales, See “Thermo¬ 
dynamics,” § (4), 

Absorption Dynamometers. See “ Dynamo¬ 
meters,” § (2). 

Absorption av Radiation as affecting 
the Readings of Radiation Pyro¬ 
meters. See “ Pyrometry, Total Radia¬ 
tion,” § (19). 

Abutment Pumps : 

Fixed. See “Air-pumps,” § (25). 

Movable. See ibid. § (14). ' 

Acceleration Images. See “ Kinematics 
of Machinery,” § (4) (iY.). 

.Accumulators, Hydraulic. See “Hydraulics,” 
§,(55). 

Adia ratio Change. A change in the volume 
and pressure of a body carried out revers¬ 
ibly in such a way that no heat is allowed 
to pass to or from the body. See also 
“ Thermodynamics,” §§ (15), (38). 

Adiabatic Equation for a Perfect Gas. 


See “ Engines, Thermodynamics of Internal 
Combustion,” § (20); “ Thermodynamics,” 
, § (15). 

Adiabatic Expansion of a Fluid. See 
“ Thermodynamics,” § (38). 

Adiabatic and Isothermal Changes. See 
“ Engines, Thermodynamics of Internal 
Combustion,” § (3); “ Thermodynamics,” 
§§ (15), (16). 


YOL. r 


IS 


Aerodynamic Pumps. See “ Air - pumps ” 
§ (26). * 

Aerodynamic Tacheometer : IVr measuring 
number of revolutions per unit time by 
means of air pressure differences. See 
“ Motors,” § ((i), Vo!. III. 

Aero-engine, The Rolls-Royce “ Eagle.” 
See “Petrol Engine, The Water-cooled,” 
§ («) (i-)- 

Aerostatic Pumps, Theory of. See “ Air- 
pumps,” § (8). 

Air, Constituents of, separated by Frac¬ 
tional Distillation. See “ Gases, Lique¬ 
faction of,” § (2). 

Air, Index of Refraction of, used as 
secondary standard of temperature in the 
range above 500° 0. See “ Temperature, 
Realisation of Absolute Seale of,” § (91) (if/ 

Air, Specific Heat of : ' <)■“ 

At high temperature. See “ Gases, Spomlttj 
Heat of, at High Temperatures.” 

At 59° C. and various pressures, tabulated 
values obtained by Hoi born and Jacob. 
See “ Calorimetry, Electrical Methods of,” 
§ (16), Table X. 

Variation with pressure over the range 
■I to 1200 atmospheres, determined by 
H oi bom and J aco b. See ibid. § (16). 

Am (free from C0 2 ), Specific Heats of; 
tabulated values obtained by School and 
House. See “ Calorimetry, Electrical 
Methods of,” § (15), Table IX. 

Air and other Gases, Specific Heat of, 
determined at room and low temperatures 
by the continuous flow electrical method, 
by School and House. See “ Calorimetry, 
Electrical Methods of,” § (15). 

Am and Steam Meters, Calibration of. 
See “ Meters for Measurement of Steam,” 
§ (5), Vol. III. 

Air-compression Refrigerating Machines. 
See “ Refrigeration,” § (4). 

Air-lift Pump. See “ Hydraulics,” II. § (45). 

Air Meters. Soo “Coal-gas and Air 
Motors,” Vol. III. 
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AIR-PUMPS 

Introduction 

S (I) Compressors, Evacuators, Blowers.— 
An air- or gas-pump is a device whereby gas 
is transferred from a low-pressure vessel 
(L.P.V.) to a high-pressure vessel (H.P.V.). 
Ihe term “ vessel ” includes the free atmo¬ 
sphere, and the term “gas” includes vapours. 
It is assumed, unless the contrary is stated, 
that the L.P.V. and H.P.V. are at the same 
temperature. 

If the L.P.V. and H.P.V. are separated by a 
gas-tight partition, and if the gas is not a 
saturated vapour, the pump will diminish the 
pressure in the L.P.V. and increase it in the 
H.P.V. ; it will act at the same time as a 
compressor and as an evacuator. In practice 
one of the two vessels is almost always main¬ 
tained at atmospheric pressure, and variations 
of pressure in the other vessel alone are im¬ 
portant. If this condition is fulfilled, a com¬ 
pressor may be defined as a pump of which 
the L.P.V. is at atmospheric pressure, an 
evacuator as one of which the H.P.V. is at 
atmospheric pressure. 

Ihe L.P.V. and H.P.V. are seldom com¬ 
pletely separated, except in laboratory evacu¬ 
ators ; there is a continual stream of gas 
fi oin one to the other. If the energy re¬ 
quired to produce this stream is comparable 
with this whole work done on the gas, the 
pump may be termed a “ blower,” or, if it is 
c r 0110 constructional type, a “fan.” The 
extinction between pumps and blowers, 
% u ^ formally indefinite, is perfectly clear 
inf'practice. Blowers are usually, but not 
always, compressors, producing pressures 
greater than atmospheric. In blowers there 
can be no single and definite p K or p h , capable 
of general scientific definition ; but there is 
usually some pair of places along the stream 
of gas passing through the blower at which 
it is obviously convenient to measure p n and 
pi,. .These places may be regarded for our 
purpose as constituting the H.P.V. and L P V 
§ (2) Notation. -Suffixes L and H denote 
quantities referring to the L.P.V. or H.P.V. I 
Many of the formulae given will still be' true 1 
a the suffixes L and H are interchanged ; this 
feature is indicated by writing before them 
( L or H ). 

P> Pr„ Ph~ pressure. 

Po = initial pressure (the same for 
L.P.V. and H.P.V.). 

Pb°, Pn°-~ final pressures. 

K -~Pn 0 /psf - range. 

II =atmospheric pressure. 

P = vapour pressure. 

Vr, Vh = volumes of L.P.V. and H.P.V. 

«h = maximum and minimum volumes 
of “ cylinder.” 


Trj Th = absolute temperature of atmo¬ 
sphere, L.P.V. and H.P.V. * 
m=massofgas. 
v — velocity. 

S = volumetric speed. 

W = work. 
w= power. 
p= density. 

7] — viscosity. 
e~ friction coefficient. 

1^ = Umc*eii. = mechanical efficiency. 
Evoi. = volumetric efficiency. 


§ (3) Working- Characteristics. —Pumps* 
may be distinguished either according to their 
working characteristics or according to the 
principles on which the action depends. Of 
the working characteristics the following are 
the most important of those applicable to 
pumps of all types : 

Range of Pressure. —If any pump be worked 
continuously between closed vessels, there will 
ultimately be established, in them constant 
pressures, ^ H °, p h °. By the range of pressure 
is meant either (a) the ratio ptfjpi 0 , or ( b) the 
difference Pa°-pi°. («) is generally the more 
important quantity and will here be termed 
the “ range,” denoted by k ; for it is often 
approximately independent of the absolute ' 
values p H °, p L °. But it is never completely 
independent; for all pumps have a minimum 
below which they will not reduce pi what¬ 
ever is the value, above this limit, of p R , 
and all have a maximum p R , though it 
may be determined only by mechanical 
strength. 

I. he range of a pump of any given type 
may be increased by working two or more 
similar pumps in series to form a “ composite ” 
pump, the L.P.V. of one being the H.P.V. of 
the next. In all important cases, the range 
of the composite pump is approximately or 
exactly the product of the ranges of the 
components. But a composite pump *ean 
also be built up of components # of different 
types ; no general statement can be made 
about the relation between the range of 
such a composite pump and those of its com¬ 
ponents. 

§ (4) Speed of Pumping. —The speed is 
the rate at which gas is transferred from 
the L.P.V. to the H.P.V. The amount of 
gas is usually estimated by its volume at the 
pressure of the L.P.V., whether the pump is 
a compressor or an evacuator. The speed 
so estimated is called the “ volumetric 
speed,” S, and is expressed in volume per 
unit time. 

Measurements of S are usually made by 
observations of the change of p R in a com¬ 
pressor or of pi in an evacuator, the H.P.V. 
or L.P.V. being completely closed. If bp 
during the measurement is small compared 
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In a compressor, p h is constant and equal to =%V n (log4?-1 -I- . (C) 

II. Therefore \ II /hi/ 

V H dpjj ^ 11 “fhrf&Sp is small, (5) becomes 

H dJ ' ' ' ^ (L or II) W^V . (ft) 

In blowers the volume involved in S is ^ 

usually estimated at p H . It is conveniently K Pt, is small, as in a high evacuator, it 
measured by some type of flow-meter placed becomes 

in the outlet or inlet pipe. If the pressure W = (Il — p^JV^ . , (7) 

at the point where the meter is placed differs T , , , ; 

considerably from p a , a correction must be * S0 ™° ^xt-books, the work done by the 

applied to the readings of the meter. atmosphere is left out of account; the term 

S is usually a function of © H and n, I?. , oniitt>t ; cl from ( 3 )> an(l tJie second and 

as well as of the nature of the pump; but . md tor * ns . m fc bo bracket from (5). But 

there are important exceptions The raimo S1I } ce wor c “ always done by or on the atmo- 
x or the maximum difference of pressure T • . ln 0( ? ra P r08Bi “« w evacuating, the 
PR°~Ph 0 is given by a pair f«,r° © r o) • such °m°xoncio8 reckoned without these terms would 
that S = 0 . " ’ seem to have no practical significance. 

§ (5) The Efficiency.-- Several kinds of }* W «werR the useful effect is usually 
efficiencies are recognised as applicable to . mated 1,y tho voltime of m produced at 
pumps and blowers ; of these the mechanical a glvon P reHHUre - Tho work required to force 
efficiency, or the ratio of the useful work a m ®f®. of f as from tlhe atmosphere into a 
done to the total work expended is alone VCS8el m w tlie pressure is maintained 
applicable to all types. Both terms of the coristant to p n (by increasing the 

ratio need further definition to rid them of 7 oIume of tho vess °l as the gas enters) is given 
ambiguity. The work expended is usually >y w , 

taken to mean either (a) tho work expended w ~(.p H - 11) V, . . . (8) 

pressive Hneth t °i tt com / whore V is tho volume of the gas at pressure 

supnlied to n * “ a 5 ° r / ;) J 1 . 10 , wo , rk Pu ' C °uaequently, if S is the volumetric 
supplied to the mechanism of which the speed, and w the work done per second 
pump consists, including that lost in friction ' , J ’ 

of solid or liquid parts. The efficiency w “(Pn“I r )«* . . . (9) 

reckoned with (a) is often termed the The stream of gas issuing from a blower 
gas efficiency; that reckoned with (6) possesses kinetic energy. If the work ex- 
the over-all ” efficiency. ponded in giving to it this energy is to ho 

In pumps, where the L.P.V. and H.P.V.’a included as useful work, there must bo added 
are separate, the useful work is always taken within, tho bracket in (0) tho term 
to bs that required to transfer the gas that I* is often impossible practically to convert 
flas actually passed from tho former to the this kinetic energy into energy of any other 
latter. I his work will bo least if the trans- form without stopping the flow which is the 
ferencc is effected reversibly; if tho L.P.V. main purpose of the blower; accordingly tho 
ana ± 1 . 1 . are at the same temperature, the total efficiency, as it is called, reckoned‘from 
reversible transference must be isothermal, the relation 

and any. change of temperature during the w= (p H +© -1I)S . . (9a) 

process involves the expenditure of more , 

work. If the transference is reversible and 18 0 . n misleading. But it may lie noted 
isothermal, the work required to transfer a fchat idea % it is always possible to reduce 
mass of gas between the atmosphere at con- f t v to ZBTO without changing 8, and thus to 
stant pressure II and a closed vessel, tho ' 3onvert vdooity into pressure ” ; for if 
pressure in which is changed by the transference | . ® . oross section of tho stream is made 
from II to p v is given by infinitely large, an infinitely small v will give 


[V i 

J a (ll-p)dV,. . , 


wrherc V ~f(p) is the isothermal characteristic 
of the mass of the gas occupying the closed 
vessel at the pressure p x . If the gas is perfect, 


is often misleading. But it may lie noted 
that ideally it is always possible to reduce 
P • t0 mTO without changing 8, and thus to 

convert velocity into pressure ”; for if 
the cross section of tho stream is made 
infinitely large, an infinitely small v will give 
a finite S. 

In addition to the mechanical efficiency, 
there is recognised for many pumps a quantity 
known as the volumetric efficiency. But since 
this quantity cannot be defined generally for 
all types of pump, it will be discussed in 
connection with those to which it applies. 
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§ (6).—The remaining working characteristics 
common to all pumps are less capable of precise 
measurement; but they are none the less 
important. They include simplicity and con¬ 
venience, first cost and cost of maintenance, 
adaptation to available sources of power, and 
so on. When several types of pump are per¬ 
missible, it is usually these characteristics 
rather than any measurable efficiency which 
determine the choice. They will be noticed 
in connection with particular types. 

§ (7) Principles op Action. — For the 
detailed consideration of the various types of 
pump, it is more convenient to adopt a 
classification based upon the principles under¬ 
lying the action. Here pumps fall into three 
great classes : 

A. Aerostatic. 

B. Aerodynamic. 

C. Molecular or High-vacuum. 

In an aerostatic pump the transference of 
gas is effected by forces that are at any instant 
in statical equilibrium. For any particular 
pump the range of pressure is independent of 
the speed of working within wide limits ; the 
pump can be worked infinitely slowly without 
loss of range or of efficiency. (This statement 
is not strictly true when the viscosity of a 
lubricating liquid is used to secure gas- 
tightness ; such pumps are dynamic, but not 
aerodynamic.) In all practical examples the 
statical forces are those due to compression, 
but those due to change of temperature might 
conceivably be used. 

In an aerodynamic pump the forces on the 
gas are dynamical, and vary with the motion 
of the parts of the pump ; they cease when 
the speed of working becomes infinitely small, 
so that the range and speed of the pump 
vanish together. These dynamical forces 
arise from the inertia or viscosity of the 
gas. 

The distinction between the two classes 
can be expressed less formally, but perhaps 
more clearly, by saying that in the first class, 
but not in the second, the action is “ positive ” 
in the engineering sense ; or that, while it is 
impossible to blow through a pump of the 
first class, it is possible to blow through one 
of the second. 

In both these classes the forces are such as 
are associated with a continuous medium. 
In the third class the action is due to “ forces ” 
appreciable on the molecular but not on the 
molar scale. The class would properly be 
termed “ molecular ,” but since that term 
has been appropriated to a particular member 
of it, the less scientific expression “ high- 
vacuum ” pumps will be used. 

In addition to these three classes of pump, 
there are some methods of evacuation which 
scarcely satisfy the definition of pumping, 


but will be conveniently noticed briefly at £he 
end of this article. 


A. Aerostatic Pumps 
§ (8) Rance and Speed.—T he working part 
is alw r ays a vessel (U) of variable volume, u. 
U is 


(1) connected to the L.P.V. when its 

volume is a maximum u h ; 

(2) disconnected from the L.P.V. and the 

volume decreased to the minimum u& ; 

(3) connected to the H.P.V. ; 

(4) disconnected from the H.P.V. and tire 

volume increased to m l . 

This ideal cycle is never attained in practice 
but forms the basis of any calculations. 
Even if the ideal cycle were attained, the 
general formulae giving the relation between 
Pn, Pl, P a after a number of cycles n would 
be extremely complicated. But if it is as¬ 
sumed that the gas is perfect, and that the 
transference is isothermal, the relation between 
(Ps) n an -d (pn)n+i, the values of pn after 
the nth. and (n + l)th cycles, is 


(L or H) h + PlV (10) 

V H +% 


In a compressor or evacuator we have from 
( 10 ) 


(L or H) 




=— + (l 
% \ 


1 “h; 


,)"* (11> 


(11) is true whatever the ratio of u to the 
V’s; if it is small and if N, the number of 
cycles per unit of time, is large, (11) becomes 


(LorH) 


IX Urrr 



f \ 


( 12 ) 

From (12) and (1). we obtain for the volumetric 
speed of an evacuator 


_ II 
Pl 




+ 

and for that of a compressor 


S = 




'(13) 


(14) 


The range of pressure is given by S = 0. 
Consequently 

Pb° u l 


(L or H) 


II Ur 


(15) 


The range, measured by the ratio of the 
pressures, is independent of the initial pressure 
and of the volumes of the L.P.V. and H.P.V. 

These relations become very simple when 
ue, the volume of the “ dead space,” is zero 
Then (11)-(14) become 


Ph , 

n a + v h 


(compressor), 


(16) 
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1 f = (v^J" (evacuator)# • (17) 

S = Nw t (compressor), . . (IS) 

Vi 

S -~Xm, ,y .(evacuator). . (19) 

v l + % 

Thus the volumetric speed of such a pump 
would be independent of the pressure against 
which it worked ; its range would be infinite. 

§ (9) Volumetric Efficiency. — In no 
actual pump is the ideal cycle performed; 
the yield is always less than that given by 
'(10)-(14), and a fortiori less than that given 
by (16)-(19) on the assumption of no dead 
space. The deficiency is due to incomplete 
“ connection ” and “ disconnection ”■ of the 
L.P.V. and H.P.V. with U and with each 
other, i.e. to leakage and to a failure to 
establish pressure equilibrium. 

The comparison of an actual with an ideal 
pump is made in terms of the “ volumetric 
efficiency ” (E voJ> ), which may be roughly 
defined as the ratio of the number of cycles 
in which an ideal pump would produce a 
given effect to the number of cycles in which 
the actual pump produces the same effect. 
The ideal pump is assumed to have the same 
ml {e.g. cylinder volume) as the actual pump ; 
it is also usually assumed to have no dead 
space 'u K . This last assumption is not 
necessary, for the effect of the dead space can 
be readily calculated if the pump is otherwise 
ideal; but in the pumps for which the 
conception of volumetric efficiency is most 
important, m h is always made as small as 
possible, and its magnitude is important in 
judging the excellence of the design. 

The “ effect ” by which E vol . is estimated 
must lie defined. It is usually either (1) the 
attainment of a given pi/U or pn/ll, or (2) 
the transference of a given quantity of gas 
with a fixed p t or pxi- In either casts E vuI . 
is a function of p h or p h, and the value of this 
pressure mjjst be stated. For a given pj, or 
Ph, Evoi. will not in general be the same for 
(I) and for (2). 

If (1) is adopted, and if n is the number of 
cycles in which the actual pump establishes the 
assigned px/Il or psjll, then from (1(5) and (17) 
Cph-II)V h 

Evoi. —- y?—( compressor) . . (20) 

YLU-t -11 


_ log(pjn) 

“«Iog [VJiu^Vj] 


(evacuator). 


( 21 ) 


If (2) is adopted, and if N is the number 
of cycles per unit time required for a given 
volumetric speed S, we have from (18) or (19) 


Evoi. (compressor), 

S(V L + %) , . 

7ol, - (GV&CU&tQt*), 


( 22 ) 

(23) 


If the H.P.V. or L.P.V. is not at atmospheric 
temperature, (20)-(23) must be corrected by 
the substitution of Vh/Th, V l /Tl, uJTq for 
V H , Vl, 

§(10) Other Characteristics. — The ad¬ 
vantage which aerostatic pumps possess over 
other types lies in the great range which can 
be obtained with them. They are, therefore, 
well suited for the production of very high 
or very low pressures in a single operation ; 
but extreme pressures can be obtained with 
other types combined into composite pumps. 
They are in general less well suited for the 
transference of large volumes of gas under 
moderate differences of pressure, although 
some types (Ac, d) are used for this purpose. 

Their disad vantage is that they cannot ex¬ 
haust vapours satisfactorily, especially when 
designed for a large range, for the vapours 
condense in IT when its volume is reduced 
and do not pass readily into the H.P.V. ; 
when the volume is increased again, they 
evaporate once more, return to the L.P.V., 
and keep p H permanently at or above the 
vapour pressure of the substance. Permanent 
gas mixed with, the vapour is removed very 
slowly after its partial pressure in the L.P.V. 
has fallen to that of the vapour. 

The various typos of aerostatic pump are 
distinguished by the construction of U and 
the means adopted for connecting and dis¬ 
connecting it with the L.P.V. and H.P.V. 
The following sub-classes include conveniently 
all the important types : 

A a. Solid Piston Pumps. 

A b. Liquid Piston Pumps. 

Ac. Flexible Container Pumps. 

Ad. Rotary Aerostatic Pumps. 

Art. Solid Piston Pumps 

§ (11) The Von Gukriokh Pump.-—T his is 
the oldest typo of gas-pump, and its invention 
is generally attributed to Otto von Guericke 
(H>72); it was probably developed from the 
similar water-pump. it has still a wider 
sphere of use than any other type, being used 
for the attainment of pressures from 1000 
atmos. to 10-« mm., and for volumetric 
speeds from many cubic feet to a few cubic 
millimetres per minute. It is equally familiar 
in heavy engineering, in delicate laboratory 
work, and, as the tyre pump, in everyday 
life. Broadly, the advantages of the type 
are a great range of pressure and great 
mechanical strength ; the disadvantages, cum¬ 
brousness and mechanical inefficiency. It is 
unrivalled for high-pressure compressors, and 
for small portable laboratory evacuators ; for 
all other purposes it can be replaced by 
other types. However, it is still widely used 
even for blowe,rs, the purpose for which its 
disadvantages as compared with other types 
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are most marked. Its survival is probably 
due partly to its long history and to its re¬ 
semblance to the reciprocating steam-engine, 
of which the constructional problems have 
been studied so completely. 

The principle of the pump is familiar to all. 
The vessel U is a cylinder in which moves a 
piston. Connection is made to the L.P.V. and 
H.P.V. either (a) through ports in the cylinder 
wall opened and covered by the piston, or (b) 
through valves moved “ positively ” by the 
piston or the mechanism that actuates it, 
or (c) through valves opened and closed by 
the excess gas pressure, (c) is the oldest 
arrangement and the simplest to construct, 
but it represents a departure from the ideal 
cycle and necessarily reduces the range below 
the ratio UjJu n ; for the connection between 
U and the L.P.V. or H.P.V. ceases before the 
pressures have become equal. It is still 
standard practice in high-pressure compressors; 
in evacuators for moderate vacua (a) is often 
used ; in those intended for the lowest possible 
pressures, one at least of the valves must be of 
type (b). 

§ (12).—Three kinds of piston pump may 
be considered rather more fully. The high- 
pressure compressor, shown diagrammatieally 
in Fig. 1, is always composite. It would not 
be impossible to obtain a range of pressure 



of 200 and a final pressure of 200 atmos. by 
a simple pump, but there are several reasons 
why the multi-stage pump is preferable. 
I bus, it is possible to cool the gas between 
the stages by the “ intercoolers ” C. By 
spacing the cranks evenly round the crank¬ 
shaft a more even torque and a balanced 
motion can be obtained. The construction of 
each pump can be adapted to the pressures 
between which it has to work ; the thickness 
of the metal can be increased, as shown in 
the figure, as the pressure increases ; special 
piston packings and forced lubrication can 
be used in the H.P. cylinders. Some makers 
prefer water to oil as a lubricant at high 
pressures, and at the highest pressures the 
substitution seems necessary because oil would 
bum explosively. 

The volumetric efficiency of such a pump 
should he not less than 80 per cent; the gas 
efficiency also about 80 per cent; and the 
over-all efficiency about 60 per cent. The 


work done on the gas may be measured, for 
the determination of the gas efficiency, by 
indicator diagrams taken from the cylinders. 
These efficiencies are determined largely by 
the completeness of the cooling, which is one 
of the most important features of these 
pumps ; they are also determined by leakage 
and by throttling at the valves. 

§ (13).— Fig. 2 shows a large-scale two-stage 
evacuator, such as is used for the condensers 
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Fig. 2. 

of steam-engines and for working pneumatic 
tubes. The slide-valves are similar to those 
of a steam-engine, but to secure smooth 
working connection is made between the 
L.P.V. .and the H.P.V. when the piston is in 
the extreme position. The pistons are con¬ 
nected in tandem. If the pump is to he 
worked by a reciprocating steam-engine it 
would be possible to use the same piston- 
rod for the driving piston, and thus to avoid 
rotary motions and bearings and to reduce 
moving parts to a minimum ; but this arrange¬ 
ment is seldom adopted; pump and motor 
are usually separate. 

The volumetric efficiency should be about 
85 per cent when pi,=20 cm. of mercury or 
more ; about 80 per cent at pi = 5 cm. ; for 
lower values of p L , E V(lL will fall rapidly, 
and p j, 0 will not be less than 1 cm. The 
over-all efficiency should be not less than. 50 
per cent at the higher pressures. 

§ (14).— Fig. 3 shows part of « laboratory 
evacuator in very general use. The pump is 
composite with two stages ; the high-pressure 
member presents no special features and is 
not shown; it is connected to H. In the 
low-pressure member shown,' the piston is 
covered with oil which is ejected at the end 
of the stroke through the valve V, carrying 
the air with it. At the same time the crank 
J, worked by the piston guide K, forces oil 
into the space O by means of the oil-pump R ; 
from O the oil flows on to the top of the piston 
as it descends. It is claimed that the pump 
will attain. 10~ G mm., if the gas and oil are 
free from vapour. A drying tube with P 2 0 5 
is necessary in the connection L to the L.P.V., 
and another, which can be filled with CacC 
is desirable in the outlet of the H.P. cylinder 
to keep the oil dry. The pump is very 
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efficient and convenient down to pressures 
of 0-01 mm., but to obtain the highest vacua 
of which the pump is capable needs great 
care in its treatment. 

A piston pump for extremely low pressures 
has also been developed by Gaede 1 (1) ; in 
principle it does not differ greatly from that 



shown. In order to free the oil from water, 
and thus to dispense with a drying agent, 
the oil is forced through a special woven 
material which effects a separation of the 
two liquids. Gaede claims that his pump 
without any drying agent will attain a pressure 
of 10" 5 mm. 

A b. Liquid Piston Pumps 

§ (15) Torricelli's Pump (2), (3).— It is im¬ 
possible to make a perfect fit or a gas-tight 
joint between solid bodies movable relatively 
to each other; and therefore all truly solid 
piston pumps have some leakage and some 
dead space. Leakage can bo wholly prevented 
and dead space very nearly abolished by using 
a liquid in* place of a solid for the moving 
portion of the vessel IT. The ratio (Pn n /Pb a ) 
can be increased by the substitution, and 
higher vacua (or higher compressions—though 
this result is not so important practically) 
obtained in a single operation. In fact' a 
liquid is actually used in this manner in 
pumps which are usually regarded as of the 
solid piston type. In the pump described 
last, the oil covering the “ piston ” and 
passing through the valves is really the piston, 
and the same purpose is served) in part at 
least, by the lubricating liquid of other 
pumps of section Aa, However, the typical 
liquid piston pumps were developed historic¬ 
ally from Torricelli’s, and not Guericke’s, 
method of evacuation ; and the distinction 

1 Figures in brackets refer to references at the end 
of the article. 



Fig. 4. 


between solid and liquid pistons, though 
slight from the standpoint of scientific 
principle, is perfectly clear in all practical 
examples. 

In the Torricellian pump the vessel to be 
evacuated is completely filled with a liquid 
of density p; the open end is placed beneath 
the free surface of a liquid, which is usually 
the same as that filling the vessel. If, in 
this position, any part of 
the vessel is at a height 
above the free liquid sur¬ 
face greater than h 0 , where 
KpU t ~ (H - P), the surface 
of the liquid will sink to 
the height h w and the 
upper part of the vessel 
will contain only the vapour 
of the liquid at the pressure 
P corresponding to the pre¬ 
vailing temperature. As a 
liquid for such a pump, 
mercury is especially suit¬ 
able, both on account of its high density 
and small “barometric height,” h w and'on 
account of its low vapour pressure. 

This method of evacuation has the obvious 
disadvantage that the whole L.P.V. has to 
bo filled with liquid and inverted. A very 
obvious modification of it was described in 
principle by Swedenborg (1722) and put into 
a practical form by Geissler (1855). The action 
is clear from Fig. 4 ; the 
mercury is alternately raised 
and lowered and the two- 
way cock alternately con¬ 
nected to the air and to 
the vessel to bo evacuated. 

The pump is a true liquid 
piston pump, differing from 
Guericke’s pump only in 
the nature of the piston 
and the valves. 

§ (1.(5) Tins Toplhr Pomp. 

—A greatly improved form 
of the pump originally due 
to Tcipler (4), but realised 
practically by Hagen and 
Neeson (5), is shown in 
Fig. 5 ; no stop-cocks are 
required. It was used in 
many classical researches 
on low vacua at the end 
of the nineteenth century, 
being at that time rivalled only by the 
Rprengel pump (see below) as a means of 
attaining low pressures. 

By raising the reservoir A, mercury is 
driven up into the cylinder B, thereby driving 
out the gas from the cylinder through the 
capillary tube C, from which it may be 
collected in the mercury trough. Mercury is 
prevented from flowing over into the vessel 



Fig. 5. 
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to be exhausted (V) by the small glass 
valve D. 

On lowering the reservoir, the mercury 
flows back from the cylinder, and when the 
mercury reaches the lower part of the cylinder 
gas will enter from the vessel V through the 
side-tube E, ready for expulsion at the next 
stroke. 

The lowering of the reservoir must be done 
very slowly so long as the pressure in V is 
more than 2-3 mm., otherwise air entering 
the cylinder through the side-tube E will 
carry mercury violently up the tube F, and 
this may easily shatter the glass-work of the 
cylinder. 

When the vacuum becomes high, the 
ramng of the reservoir must be done very 
slowly, otherwise the “ hammer ” of the 
mercury at the top of its travel in the cylinder 
will break the cylinder head. 

The reservoir A should have about twice 
the capacity of B. The volume of the cylinder 
33 is fixed by the work required from the pump, 
but in ordinary laboratory models is from 500 
to 600 c.c. The capillary tube C is about 
800 mm. long and 1 mm. bore. The tube F 
should have a bore 12 mm., and the tube E 
about 4 mm. This ensures that gas entering 
from E to F will tend to travel in bubbles 
upward through the mercury in F, instead of 
carrying the mercury solidly up with it. 

I he P 2 0 5 tube is, of course, inserted to 
absorb water - vapour, which presents the 
same obstacle to this as to all aerostatic 
pumps. 

The lowest pressure which it is possible 
to obtain with this pump is determined as in 
(lo), by the ratio ujju%. u l is the volume of 
, while Wh is the volume of the smallest 
bubble which the mercury will carry down the 
capillary C. This volume is approximately 
that enclosed between the convex surfaces 
of two mercury meniscuses which just touch ; 

. Jt decreases with the bore of the capillary. 
But there is some gas adhering to the glass 
in addition to actual bubbles left behind by 
the mercury, which makes it useless to decrease 
that bore beyond a certain limit. The lowest 
pressure recorded as attained by a Tdpler 
pump is 0-000025 mm.—in addition, of course, 
to the vapour pressure of the mercury. 

The working of a Topler by hand is extremely 
tedious, for several hours may be required to 
. reach the limit of pressure. Numberless de¬ 
duces for rendering its action automatic have 
been proposed ; electrical contacts worked 
by the mercury, or else the weight of the 
mercury, are used to control the operation. 
But no description of them is necessary 
to-day, for the problem of the automatic 
lopler seems to have been solved finally by 
r Gaede (6), who proposed to move the solid 
vessel rather than the liquid piston. 


§ (17) Gaede Rotary Mercury Pump.— 
The general action of the pump can be seen 
from Figs. 6, 7, which are vertical sections 
parallel and at right angles to the front of the 
pumps. The outer casing A contains mercury 
to about two-thirds of its height, and is 
connected through the pipe R with a rough 
vacuum pump (e.g. an ordinary piston pump) 
capable of maintaining a pressure of about 

Ri 



5? 

B 

a 

L 



Fig. 6. 


Fig. 7. 


10 mm. An ingenious device shown in Fig. 8 
is used for cutting off the rough pump after 
the preliminary exhaustion. Inside this easing 
rotates a drum B, made of porcelain, to the 
side of which is attached a smaller porcelain 
drum C. The two drums communicate 
through the port D. 

It will be seen from this diagram that if B 
is rotated in the direction of the arrow, the 
portion of B above the mercury will com¬ 
municate with the pipe V, connected to the 
vessel to be exhausted, so long as the port I) 
is not immersed. As soon as D .is immersed, 
the communication with V is closed, and when 
the tail end E of the drum rises above 
the mercury, the 
gas will be passed 
on to the rough 
vacuum. 

In the pump 
as actually manu¬ 
factured two or 
three drums are 
spaced symmetric¬ 
ally on the same 
axle,- a second 
drum is indicated 
by the dotted line 
in Fig. 6. The speed of the pump is thereby 
increased, but the construction made much 
more complicated. 

The range of the Gaede pump is probably 
somewhat less than that of the Topler, for the 
conditions for the expulsion of small bubbles 
from U are less favourable. But since p-g 0 
is less, owing to the use of the auxiliary pump 
and since its speed is much greater, the least 
pressure practically attainable is at least as 
low; a pressure of 0-00005 mm. is well within 
its power. The volumetric speed is not con¬ 
stant, as it would be according to (19) * it 
is about 110 cmA/sec. at 0-01 mm., and falls 
off continuously at the lowest pressures. 

^ (3B) The Sprengel Bump. — A liquid 
piston pump, using mercury but working on 
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a somewhat different principle from those 
just described, was invented by Sprengel in 
1865 (7). It has over the Geissler (and later 
Topler) pump the greater advantage that its 
action is more nearly continuous and auto¬ 
matic. The gas is carried out of the L.P.V. 
by the fall of mercury down a capillary tube, 
as in the Topler pump ; but it is not forced 
into that tube ; it enters the tube under the 
pressure in the L.P.V. and is there trapped 
between successive drops of mercury falling 
into the top of the tube from a reservoir. In 
another and more convenient arrangement (Fig. 
9) the drops are formed in the capillary by 
the entrance of gas from the L.P.V. through a 
side tube. But the principle is the same ; 
the liquid column in the capillary will break 
up into drops, trapping the gas between them, 
if the gain in surface tension energy due to 
the formation of a liquid-gas surface is greater 
than the loss in hydrostatic energy due to 
the accompanying displacement of the liquid. 
The precise calculation of the conditions for 
drop formation is complicated; but it is 
clear that the bore of the capillary must 
be below the limit at which drops could 
be formed in the tube without completely 
occupying its cross-section. 

The volumetric speed of a “ single-fall ” 
Sprengel is extremely small, not more than a 
few cubic millimetres per second. 
It can be increased by connecting 
in parallel several capillary tubes 
all fed from the same reservoir, and 
thus making a “ multiple-fall ” 
pump. The lowest pressure attain¬ 
able is fixed by the same considera¬ 
tions as in the Topler pump, but 
it may be increased by small 
quantities of air carried into the 
vacuum by the stream of mercury 
from the reservoir exposed to the 
atmosphere. Many devices have 
boon suggested for avoiding this 
cfefoet. (See (3).) 

The Sprengel pump can be made 
completely automatic, if it is 
arranged that the mercury which 
has fallen down the capillary is 
restored periodically to the reser¬ 
voir. Such an automatic form was at one 
time in universal use for the exhaustion of 
electric lamps (8). It is shown in Fig. 10, 
and the method of operation is obvious from 
that figure. 

The outlet is connected to an auxiliary 
pump maintaining a pressure of a few cm. 
The capillary fall tubes A, into which mercury 
Hows from D through the jets C, are therefore 
relatively short (about 20 cm.). The bent 
tube B enables the end of the exhaustion 
to be seen by the disappearance of gas-bubbles 
from the mercury. 
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- .is normally connected to 
H ; an occasional admission of air, in order to 
restore the mercury to I), is controlled by a 
simple timing device set once and for 'all. 
It can also be controlled by the weight of the 
mercury in the reservoir. 

The common laboratory mercury still is in 
effect a Sprengel pump whereby gases intro¬ 
duced by the. mercury are removed. 

For high-vacuum work, mercury pumps of 
these types, with the possible exception of tho 
Gaede pump, are 
obsolete, and re¬ 
placed by those of. 

Class C. They 
may, however, be 
used as auxiliary 
pumps in series 
with those of that 
class when it is 
desired to collect 
gases pumped out 
from a vessel. For 
this purpose 
the Topler 
pump is most 
suitable. 

§(19) CHEMICAL 
and cm run P umps. 
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—The foregoing 

pumps are designed to attain low pressures. 
.But liquid piston pumps are also of service 
for pumping chemically active gases, which 
would attack any of the metals or other 
materials suitable for the construction of 
solid piston pumps. Thus for the compres¬ 
sion of chlorine, pumps are used of which the 
cylinder and valves are made of lead-covered 
steel, while the piston consists of oil or sul¬ 
phuric acid. The liquid piston is sot in 
motion either by compressed air or by a solid 
piston working in one limb of a U-tubo, the 
other li,iit 1) of which is the chlorine pump. 

Laboratory pumps essentially similar to the 
Topler, but using oil or glycerine or sulphuric 
acid in place of mercury, have also been used 
for some _ purposes. The lower densities of 
these liquids enable the pumps to bo made of 
glass with a volume much greater than that 
set by the mechanical strength of the glass if 
mercury were used ; or the gas to be pumped 
may he one which attacks mercury. 

Again, air compressors for high pressures 
have been constructed in which water is used 
as the piston in order that the cooling of the 
gas may be more efficient. In some of these 
metal chains hanging into the water from tho 
top of the piston have been used to facilitate 
the transference of heat between the gas and the 
liquid. 

Ac. Flexible Containers 

§ (20) Bellows. —In these pumps the vessel 
U has flexible walls and its volume is varied by 




10 


AIR-PUMPS 


changing its shape. The advantages of the 
tjrpe are high mechanical efficiency due to 
the absence of friction, simplicity of construc¬ 
tion, and consequent cheapness and reliability. 
On the other hand, they have a small range 
of pressure, partly because the ratio %h/'«l 
is comparatively great, partly because the 
flexibility of the walls makes it impossible to 
use them at pressures differing greatly from 
atmospheric. They are usually made for hand¬ 
working or very low power mechanical drives. 

The earliest examples of the type are the 
lungs of air - breathing animals; the later 
improvements of the 
original model for this 
purpose are insignificant. 
The type is almost 
equally familiar in bel¬ 
lows of all kinds, for 
blowing up a fire, for 
vacuum cleaning, for 
piano-players and squeak¬ 
ing toys ; in the fountain- 
pen filler, now partially 
“ replaced by a piston 
pump ; in the bulb for 
scent and other sprays, 
used for less commonplace 
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But it is also 
purposes. 

The action of the blacksmith’s bellows is 
shown diagrammatically in Fig. 11. The 
end plates A and C are fixed, while B is given 
a reciprocating motion. Some bellows of this 
kind for smiths’ hearths are several feet in 
diameter, with the flexible sides of leather. 
The air is usually pumped into a reservoir 
bellows in which a pressure of about 6 in. of 
water is maintained by a weight. 

Fig. 11 also represents, on a different scale, 
a useful laboratory pump. The bellows are 
here made from the inner tube of a motor tyre, 
the corrugations being obtained by large metal 
rings inside the tube and small rings outside 
placed alternately. The cylindrical discs A, B, 
C are of aluminium, and B is driven by a crank 
from a small motor. 

§ (21).—The most elaborate pump of this 
class is the organ bellows, shown on Fig. 12 ; 

the bellows com¬ 
pressor, called 
the “ feeder ” 
bellows, is at 
F. The upper 
board A of the 
feeder is fixed 
and the lower 
board B is hinged 
to A by a leather 
joint. The 
wedge-shaped 
volume between A and B is enclosed by the 
wooden ribs R; the ribs are hinged to each 
other and to A and B with leather and cloth 



The hoard B falls by its own weight and the 
air enters through the flat valve V x . Air is 
compressed in the feeder by a hand lever, 
and the air is driven through the valves V 3 
into the reservoir bellows I), from which the 
air passes to the organ. The pressure on D 
depends on the weight W on the top board. 
To ensure a uniform pressure in D whether it 
is expanded or contracted a double set of ribs 
is used, the upper set R 3 folding outwards 
and lower set Ik folding inwards; the frame 
H between the two sets of ribs is connected 
by a mechanism shown so that both halves 
of the reservoir bellows expand equally. 

§ (22).—At the opposite extreme of the type 
is the squeezed rubber tube pump {Fig, 13) (10). 

This pump consists of a rubber tube A[A 2 
{Fig. 5) wrapped inside a hollow cylinder B and 
squeezed by two or 
more rollers C x and 
C 2 so that the -way 
through the tube is 
stopped at the 
squeezed portion. 

The rollers C x and 
C 2 roll round the 
inside of the cylinder 
driven by the shaft 
D, and gas (or liquid) 
is transferred from 
A x to A 2 as the shaft 
revolves. 

The squeezed por¬ 
tions act as pistons, 
and these “ pistons ” 
are formed at A, 
and travel along the tube to A 2 where they 
disappear. 

The action of the pump is somewhat similar 
to the rotary pump of Fig. 16, with the 
important difference that the “ piston ” of 
the rotary pump requires to be carried across 
from A 2 to A x and is thus liable to cause 
leakage of air or liquid. The tube pump has 
no dead-space and is only limitedrange by 
the strength and tightness of the rubber tube 
to resist the pressure difference ; but its speed 
is small and mechanically it is inefficient. 
The tube pump is particularly suitable for 
transferring gases or liquids without con¬ 
tamination, as the plain tube can be easily 
cleaned and no other portion of the pump 
can come into contact with the fluid being 
pumped. 

An even simpler pump of the same type 
can clearly be made out of a plain piece of 
rubber tubing pressed with the fingers. 

Ad. Rotary Pumps 

§ (23) Blowers.— In this class the variation 
of the volume of U is effected by the rotary 
motion of solid bodies constituting part of its 
walls. The pumps are usually driven by 
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power, and are intended for continuous action; 

Alley compete therefore with, solid piston pumps 
rather than with other types of Class A. Over 
solid piston pumps they have the advantages 
in mechanical efficiency; in mechanical 
simplicity and consequently in cost, both 
initially and for upkeep ; in compactness; 
in steadiness of air current when used as 
blowers. They have disadvantage in a smaller 
range of pressure, in greater leakage, and 
usually in noisiness. But pumps of this 
type compete also with those of Class B 
(especially By). For blowers type By 
generally has the advantage in mechanical 
efficiency and simplicity. For compressors 
there is little to choose between By and 


Ad, for though the latter has the greater 
range both types would be replaced by A a 
if a greater range were required. For evacu- 
ators By is useless, while Ad provides the 
standard machines of modern practice for all 
pressures between 10 mm. and -01 mm. 

The chief examples of the class can be 
divided into two groups, one (1) developed 
from the Root Blower, the 

® other (2) from the Beale 

Blower. The development 
... has been so gradual that it 

0 is difficult to associate any 

of the pumps, or even the 
two archetypes, with the 
j, IG name of any inventor. The 

groups are usually distin¬ 
guished by the nature of the “ abutment,” that 
is the line or surface dividing the H.P.V. 
from the L.P.V. ; group (1) is then charac¬ 
terised by a movable abutment, (2) by a 
fixed abutment; for though, in (2) the bodies 
forming the abutment move, the line or sur¬ 
face which is the abutment is at rest relatively 
to the housing. 

§ (24) Movable Abutment. —These pumps 
are chiefly used for moving large quantities 
of gas against a small pressure difference 
(say up to *-10 feet water pressure). 

An early example of this type was exhibited 
at the Paris Exhibition by Elihu Root in 
1867 ( Fig. 14). It consists of two two-toothed 
wheels, A, B, which are made to revolve at 


the same rate in opposite directions by means 
of gears outside the box or pump body; the 
space included between the wheels and the 
housing is U, and its volume varies with the 
position of the wheels. If they rotate as 
shown in the figure air would bo sucked in at 
G and delivered through D. 

To prevent leakage the wings are machined 
as accurately as possible, and are often 
covered with wood or other packing material 
The volumetric efficiency against small press¬ 
ures (say 10 inches of water) may be as 
high as 96 per cent, while at higher press¬ 
ures (6 feet of water) it will drop to 80 per 


cent. The over-all mechanical efficiency is 
about 75 per cent. 

Fig. 15 shows another type where the 
impeller vanes V are fastened at one end to a 
disc which causes them to rotate around the 
fixed core. The vanes after the delivery 
stroke come into the openings in the rotating 
body A (called the idler), which is caused to 
rotate at the same speed as the vanes by gears 
on the outside. On rotat¬ 
ing further the vanes come 
into the suction chamber, 
whence they start again on 
the compression stroke. 

The pump is more com¬ 
plicated than the Root, 
but several advantages are 
claimed. Thus surfaces 
can be used to separate the 
two chambers where lines only are possible 
in the Root blower; air is compressed by 
one rotating part only ; there is no contact 
between parts moving with different velocity, 
and thus there is less friction ; the mechanical 
construction is simple and cheap; the pulsa¬ 
tions of gas are reduced. 

In another type the rotating parts are 
spiral vanes, which give a more even delivery 
of gas and make less noise ; the mechanism 
is not easily shown in a diagram. Many 
other devices have been adopted, some vary¬ 
ing widely in detail from those mentioned, 
but all based, on the same principle; descrip¬ 
tions of them are to be found in makers’ 



catalogues. 

§ (25) Fixed Abutment. —These pumps, of 
which the Beale blower is an early example, 
are used extensively as compressors, as blowers, 
and as cvacuators. They are used in gas¬ 
works for g 

pumping the ft".. —■« ■ ■■■ ■ J 

gas to the p~ P // L Ov. j q” 

holders, and -* t f ■- L 

in the factory or l Kr I \ 
laboratory for at- I V J I 

taining pressures V xy pPy J 
down to -001 min. ® 'S 

The general prin- ^*****2*^ 

ciplo employed is p KK 10< 
shown in Fig. 1.6. 

The cylinder D rotates about an axis O, so that 
it’touches the containing cylinder C at the fixed 
abutment B. A slot in D carries the plates 
or “ scrapers,” the outer ends of which are held 
against the containing cylinder C. The plates 
divide the space between 0 and D into two 
parts ; as D rotates the volumes of these two 
parts vary in a manner readily seen from the 
figure, in which 3? is the suction and Q the 
compression inlet. 

The friction of the scrapers on the cylinder 
involves considerable loss and wear, and many 
alternative arrangements have been devised 
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to avoid it. In one, contact between the 
scrapers and the cylinder is preserved by a 
circular guide with its centre coincident with 
that of 0. In another there is a single solid 
scraper which slides freely in the slot in D; 
the section of the cylinder D is not circular, 
but such that the two ends of the scraper 
are in contact vdth the walls whatever the 
position of D. In another the scrapers are 
pushed out by springs, but they bear on an 
idly rotating cylinder O' fitting closely within 
G and pierced with holes; the clearance 
between C and O' is made so small that the 
leakage between the two is inappreciable; 
the friction is thus reduced to that of O' on 
its bearings. In any 
pump of this type, the 
number of scrapers may 
be increased. Fig. 17 
shows a type with three 
or more scrapers, hinged 
at the central axis M of 
the box B, and^ sliding 
in cylindrical stuffing 
boxes C fastened to the 
this drum touches the 
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rotating drum D ; 
casing in the fixed abutment E. 

In pumps of this type designed as evacuators 
oil is always introduced into the cylinder to 
prevent leakage and to fill up the dead space. 
The scrapers are usually arranged as in Fig. 16. 
In order to prevent hammering by the oil 
when the vacuum is high, a valve is fitted 
which limits the quantity of oil flowing from 
the compression side ; it also helps to separate 
the air from the oil. Such evacuators are 
often run in tandem, or one of them is used in 
series with an auxiliary pump of some other 
kind. If ii is 4 to 10 mm., pi may be reduced 
to -0001 mm. 

Scraper vacuum pumps are largely used 
as auxiliaries to high-vacuum pumps (0); 
they are also the chief type employed in the 
preliminary evacuation of electric incandescent 
lamps, which are subsequently “ cleaned-up ” 
by the discharge (D). 

B. Aerodynamic Pumps 

§ (26).—In aerodynamical pumps, the press¬ 
ures are functions of S and of the velocity 
of the gas in different parts of the apparatus. 
The fundamental connection between the 
pressure and velocity of any fluid is given by 
the familiar hydrodynamical equation 

S(p + ^pv-)~0, . . . (24) 

or Pi~Pz=y (V-V)- ■ • (25) 

It is deduced on the assumptions (1) that the 
energy required to change the pressure of a 
volume V of the gas from p 1 to p 2 is (p t -p 2 )V, 
(2) that the energy of any such change of 
pressure which occurs is equal to the change 
in the kinetic energy of the gas. (1) implies 


that the fluid is incompressible, 1 or that the 
change in pressure is infinitely small; (2) that 
there is no loss or gain of energy to or from 
other sources, e.g. friction of the moving gas. 
By “ the pressure ” must be understood the 
force per unit area on a surface at rest relative 
to the gas ; in a frictionless fluid it is equal 
at any point to the “ static ” pressure on a 
surface parallel to the flow at that point, but 
moving relatively to the gas ; the “ dynamic ” 
pressure, or that on a surface perpendicular 
to the flow and at rest relative to the pump, is 
p + l-pv 2 , and, when (24) is true, is constant 
along the whole stream. 

Be. Injectors and Ejectors—Gaseous Stream, 
(General Reference (11)) 

§ (27).—These are wholly analogous to liquid 
jet pumps (see “ Hydraulics ”). A gas or vapour 
(called “ the fluid ” to distinguish it from the 
gas to he pumped) is forced through a tube 
N from a reservoir R, at pressure p r, into a 
larger tube 0 communicating with the atmo¬ 
sphere (see Fig. 18). If the flow satisfied 
assumption (2) above, the stream would not 
be brought to rest in the atmosphere unless 
PR were equal to 11, and if pn~ II there would 
be no stream. But owing to viscosity and 
friction, p R may be greater than IT, so that a 
high velocity nn is obtained in N, and yet v 
may be zero when the atmosphere is reached. 
In these conditions, the difference II -p, where 
p is the pressure at N, is not so great as 
given by (24); 
but it is still 
finite and of the 
same sign ; p is 
less than II. 

If gas in the 
space surround¬ 
ing N is given 
access to the 
stream through 
the gap between 
N and 0, it will flow into the stream of fluid 
and be carried away by the stream, so long 
as its pressure is greater than p. The fluid 
streaming from N to O will suck gas through 
the pipe Q and will act as an evacuator or 
“ejector.” In an “injector” or compressor, 
Q communicates with the atmosphere, and the 
space vdth which 0 communicates, and in 
which the stream comes to rest, is at a pressure 
greater than II, but, of course, still much less 
than p R . p is equal to pjj in an ejector and 
to pu° in a compressor; hut if there is a 

1 Confusion is sometimes introduced by a failure 
to observe that the chief part of the pressure of a 
gas is inseparable from its compressibility; it is 
not due, like that of a liquid, to its weight. The 
pressure of an incompressible gas is a meaningless 
conception. The application of the theory to gases 
is justified only because, for small changes of pressure 
at constant temperature, pdV = - Vdp. 
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continual stream of gas through the pump, 
Ph or p a will not be equal to p, (1) because of 
the drop due to flow of the connecting tubes 
Q and 0, (2) because the mixing of the gas 
with the fluid affects greatly the velocity and 
pressure of the latter. 

In calculating the performance of a pump, 
allowance has to be made for departures from 
(25) owing to friction and viscosity. The 
allowance is usually made by introducing 
on the right hand of (25) an empirical factor 

less than 1, and writing 

Pi-Pz=Up«->h 2 )’ ■ • ( 20 ) 

where v v are the mean velocities over a 
cross-section of the stream. The principle of 
the calculation is then simple. There are three 
equations (26) for the three tubes N, 0, Q ; 
and there is tire equation of conservation of 
mass when the streams meet. (The momen¬ 
tum is not conserved, for there is a reaction 
on the tubes.) These four equations suffice 
to determine the four unknowns, viz. p, 

Vq, vq, in terms of pu, pi, pu, the densities 
p„ and p f of the gas and fluid, the three 
empirical constants for the three tubes, (' N , 
.fo, <Tq> and Fn, Fq, Fq, the cross-sections of 
the three tubes at their openings. The algebra 
need not be set out, for the numerical re¬ 
sults depend wholly on the values attributed 
to the empirical constants ; it is given in (II). 
Here it will suffice to state some of the most 
important qualitative conclusions, which are 
confirmed by experiment. These wore first 
stated by Zeuner (12), 

The variables considered are p K , ps„ p H , vjh, 
F n , Fq, Fq, p g , pp and S, the volumetric 
speed, which is equal to ?jqFq. In each 
statement the variables not mentioned are 
supposed constant. 

(1) Pu~Ph is proportional to p& and % 2 , 
so long as pu is great compared with p a or pi. 

(2) S is proportional to s/pn, to ?; K , and to 
Pu - ph, subject to the same condition. 

(3) pn — j|i, depends only on the ratios of 
the F’s, and not on their absolute values. 

(4) S is proportional to the F’a, if their 
ratios are constant. 

(5) Given one of these ratios, there is an 
optimum value for the other two, giving 
maximum S, but the same maximum S can 
be obtained with different values of the ratios. 

(0) S is independent of p v and p f , so long as 
v& is constant. 

(7) S may be considerably greater than tho 
volume of fluid issuing per second from N, 
e.g. two or three times as great. 

Owing to the circumstances in which the 
pumps are used, the efficiency is seldom 
important. But the mechanical efficiency 
reckoned on the basis of the work done in 
driving the fluid stream appears seldom, if 
ever, to exceed 25 per cent. 


§ (28).—In practice the fluid used is generally 
steam or compressed air. Ejectors using these 
fluids are used for vacuum brakes, vacuum 
cleaners, and grain conveyors. Their great 
advantage is, of course, their simplicity and 
freedom from maintenance charges. Fig. 18 
shows a pump used for railway vacuum brake 
operation. It will reduce to about 15 cm. 
of mercury. A more elaborate pump is 
shown diagrammatically in Fig. 19. Here a 


Pio. 19. 

common supply of steam works two pumps 
in series. The first consists of tho plain 
nozzle A, the second in the annular gap B, 
from which the gas is carried into tho sur¬ 
rounding annular space 0. It is claimed that 
this pump will attain a pressure of 3 cm. of 
mercury. Remark- should be made that tho 
application of the sim ple theory to such pumps 
is extremely precarious, for the assumption 
that the change of pressure of the gas is 
infinitesimal is clearly false. 

Fig. 20 shows a blower used for moving 
large quantities of air in ventilation under a 
pressure of a few 
inches of water. Air 
or steam is used as 
fluid; the concentric 
cones are designed to 
make the velocity of Pia. 20. 

the gas nearly parallel 

to that of tho fluid, so that the direction of flow 
of the latter is not disturbed by irregularities 
in tho flow of the former, A somewhat similar 
arrangement is adopted in the smoke-box of 
a locomotive, whore the exhaust steam is 
made to create a draught through the boiler 
flues. 

§ (29).—The most modem development of 
the type is the mercury vapour jet pump used 
in conjunction with “ condensation ” high- 
vacuum pumps (q.v.). Indeed, as will be 
seen, the line between vapour jet pumps and 
condensation pumps cannot he drawn sharply ; 
roughly it may be set at the pressure where 
the mean free path of the vapour molecules 
becomes comparable with the dimensions of the 
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tubes ; but there is no justification for over¬ 
looking the distinction entirely. The construc¬ 
tion of these vapour jet pumps is essentially 
similar to Fig. 18, but the apparatus is made 
of glass; the vapour stream is produced 
by boiling mercury, and condensing arrange¬ 
ments are provided for returning the vapour 
to the boiler'. A practical form designed by 
Volmer (13) will reduce the pressure from 
Pi i = 20 mm. of mercury to p L = -001 mm. 
But it is doubtful whether'they will replace 
generally the rotary aerostatic oil-pump for 
producing the auxiliary vacuum of high- 
vacuurn pumps. Fragility is their great fault. 

B/- Injectors and Ejectors—Liquid Stream 
§ (30).—This type of pump, of which the 
laboratory filter pump (Fig. 21a) is a common 
example, is often regarded as a mere modifica¬ 
tion of Be, gas or vapour being replaced by a 
liquid as fluid. But the difference is really 
greater. If the theory of Be is applied to 
pumps with liquid as fluid, then, even if all 
plausible corrections are made, the 
calculated performance is far less 
(e.g. 10 times) than the actual. The 
error arises in assuming that the 
gas and fluid are miscible. The 
flow of the gas into the fluid is not 
determined simply by the pressure 
difference, and relative motion of 
the fluid and gas is possible, even 
after they are mixed in the exit 
tube O. 

It seems preferable to look at 
their action from a different point 
of view. _ Two processes are involved : first, 
the entangling of the gas by the liquid stream; 
second, the conveyance of the entangled gas 
from the L.P.V. to the H.P.V. During the 
second process the gas will move relatively to 
the liquid nearly as if the liquid were at rest 
relative to the walls. The difference of pressure 
ultimately obtainable is limited only by the 
condition that the velocity of the liquid enter- 
ing the L.P.V. b_y N is sufficient to carry it 
out through O against the pressure jp H - pi, 
and is also greater than the velocity with 
which the bubbles of entangled gas travel 
through the liquid in the opposite direction. 
It is the second process which determines 
the greatest possible value of pn°~Ph 0 - 

On the other hand, the speed of the pump 
is determined by the first process. Its nature 
is obscure ; probably the liquid stream carries 
along a layer of gas on its surface, in virtue of 
friction and viscosity (of. § (39)), as would a 
solid rod travelling with the same velocity. 
When the liquid breaks into drops in virtue 
of the inherent instability of liquid jets, this 
gas becomes entangled between the. drops. . 

On this view the performance of a pump 
of this type appears quite incalculable. No 


calculations confirmed by experiment seem 
to have been based on any view, and few data 
of performance or of its variation with the 
construction of the pump seem available. 

§ (31).—The filter pump of Fig. 2.1a fed with 
water at a head of 50 ft. or more will reduce 
Pl to the vapour pressure of the water. But 
no measurements of S under varying conditions 
have been found. It is recorded that the 
pump is more efficient if placed at the top 
of a building so high that the exit tube can 
be made as long as the water 
barometer. 1,1 

A variant on the usual design ' 

is shown in Fig. 21b, which is W 

similar in construction to the 
Venturi meter. But since the „„_JJ m 
action is improved by a baffle | 

at b which breaks up the stream, ^ 0lR 
it is probable that, as suggested, 
the formation of drops is an important part of 
the process. A non-return valve, as shown at 
V, is useful with either of these types to 
prevent the flow of water into the apparatus 
if the head becomes insufficient. 

Evacuators of these types are applied 
outside the laboratory to vacuum, cleaning 
and to grain, conveyors. Compressors work¬ 
ing on the same principle, but with a different 
construction, have also important commercial 
uses ; they are known as “ trompes.” In a 
very simple form (Fig. 22), used for blowing 
blacksmiths’ fires, a stream 
of water flowing down a 
pipe with a few holes in it 
drags with it air from the 
atmosphere, which is sub¬ 
sequently separated from 
the water in a closed vessel. 

A more elaborate form has 
been developed in America 
for supplying compressed 
air to mines where a great 
head of water is available. 

The pressure obtainable 
is a considerable fraction 
of that corresponding to 
water. 

By. Centrifugal Pumps 
(General Reference (11) and (14)) 

§ (32).—Centrifugal air-pumps are analogous 
to centrifugal liquid pumps (see “ Hydraulics ”). 
They are generally called “fans,” and are 
used as fans or blowers according to the 
definition of the introduction. The principle 
is shown in Fig. 23, which illustrates the 
simplest type. The gas entering the circular 
-central aperture O in the housing is whirled 
round by the rotating vanes, acquires velocity, 
and issues through B. 

Suppose that the conditions necessary for 
(24) are fulfilled, and that the gas leaves the 
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tips of the vanes with a radial velocity v t , 
* uniform over the whole surface of the circular 
cylinder surrounding the vanes. The area 
of this surface is 2]Irrf|=lh, where, r is the 
radius of the vanes and A their breadth per¬ 
pendicular to the diagram. Then 

« ,:1W • ■ • ( 27 ) 

If F.> is the area of the opening, and u 2 is the 
velocity of exit uniform over the opening, 

S = F ,,n, . . - (28) 

If the gas in acquiring its velocity from the. 
vanes preserves its original pressure p L , then 
from (25) 

P„-?, = «V-” S ! ) = SpS s (lh-iiri). (29) 


But, as in Section Be, (24) is not true and 
allowance has to be made for losses of energy 

_ due to friction and to sudden 

gj TlAxp changes in the direction of 
^“VT/aX the gas stream. Further, the 
velocities arc not uniform over 
\/)/y the surfaces F t and F a . Again, 
it is convenient to express 
Fig. 23. pii-pz and S in terms of the 
velocity of the vanes which can 
be measured directly ; it is usual to represent 
this velocity by ?>,„ the linear velocity of the 
tips. It may be assumed that v x and v 2 are 
proportional to ?.>„. The losses may he then 
represented by one or more terms proportional 
to v 2 0 or to S 2 , or to S?’ 0 , and the general equa¬ 
tion for the performance of the pump written 

Pn-p h = av o- + (^-\-y^ 2 - (30) 


The constants a, /?, y are usually regarded 
as depending on the angles at which the 
stream of gas strikes the vanes and the 
housing; they certainly depend on the 
geometrical quantities characteristic of the 
pump. Some progress towards calculating 
them directly from those magnitudes can ho 
made, but gome purely empirical constants 
arc always necessary. In designing the forms 
of the vanes and of the housing such calcula¬ 
tions are a useful guide ; here reference can 
only be made to discussions in (II) and (14). 
It may be noted that in (30), a is always, (i 
usually, positive, while y is negative. 

Three kinds of efficiency are recognised for 
centrifugal pumps : 

§ (33).—(i.) The manometric efficiency E mnn . 
is taken as (Pn - Pi)/pv 2 , pi (usually II) and pn 
being .the static pressures of the inflowing 
and outflowing gas. If v x were equal to v u , 
the maximum value of E m(m , would be |, 
hut since v x may be either greater or less than 
v 0 , E ma , n , might theoretically have any value ; 
actually it is seldom if ever greater than 1. 

(ii.) The mechanical efficiency E m0Ch .. The 
useful work is generally taken to be given by 


(9), so that if w is the power exerted at the 
pump shaft, E lnecll . ==S(pn -p Sl )/u\ Some¬ 
times the useful work is reckoned by (9a); 
the corresponding efficiency is called the 
total efficiency, but it, is seldom important, 
as previously explained. E„„, ull , is a true 
efficiency and can never be greater than I. 

(iii.) The volumetric efficiency E vo] ., which 
is taken by some writers to be S /v n r~ and by 
others to be S/2icrdv 0 . The latter quantity 
would be unity if v x were eq ual to v 0 ; the 
former seems to have no general significance, 
but, being a no-dimensional magnitude, is 
convenient for comparing similar designs. 
E vo) . is often greater than I if the first 
expression is chosen, sometimes if the latter 
is chosen. 

It is apparent from (30) that the pressure 
and the efficiencies will vary with S, if 8 is 
controlled by changes in the area P 2 or by 
other changes in the resistance to the flow 
of the gas. Fig. 24 shows typical curves 
relating the brake if.P. u\ the pressure dif¬ 
ference pu-pi, and the mechanical efficiency 
to the volumetric speed 8, the velocity of the 
vanes being constant. It will be observed 
that this efficiency is zero for 8 = 0 and for 
high values of S and lias a maximum for some 
intermediate value. If mechanical efficiency 
is required the pump must bo designed for its 
special work. If the velocity of the pump is 
varied over a moderate range, S varies as 



Fig. 24, 

v u p h - py, as « 8 , and the power expended, is 
v :i . For extreme varieties the “ constants ” 
of (30) change. 

§ (34).—Simple centrifugal fans differ in size, 
in the number and shape of the vanes, and in 
the shape of the housing surrounding them. 
This is often divided into a “ diffuser,” or 
portion with parallel sides immediately out¬ 
side the vanes and a “ volute,” or portion 
of circular section, outside the diffuser. The 
cross-section of the volute increases towards 
the outlet in order to make some use of the 
kinetic energy (see § (5)). Some fans have 
inlet openings on both sides of the fan, some 
only on one. But in their performance, 
they all have common characteristics; they 
are all used as low - pressure blowers, the 
maximum pressure obtained being about 12 in. 
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of water; pixjpj, does not exceed 1-03, and 
assumption (1) of § (26) is justified. In 
large sizes their mechanical efficiency may 
reach 80 per cent, but usually it is more nearly 
70 per cent and intermediate between that 
of piston pumps and of Root’s Blowers. Over 
either of these types they have the advantage 
of simplicity and of being proof against hot 
and dusty gases if the bearings are suitably 
protected. 

Composite, or multi-stage, centrifugal fans 
are also common. The fans of successive 
stages run on the same shaft; the discharge 
from the circumference of one fan is led by a 
tube to the central intake of the next. Since 
Pvi-Pi, is proportional to p by (25) and p is 
proportional to p^ or pn, we have in successive 
stages op'-‘- p, or p n /pi = K n , where k is the 
range of the simple pump and n is the number 
of stages. The range of the composite pump 
is the product of the ratio-ranges of the 
individual stages. Such multi-stage fans with 
ten or more stages, each giving k = 1-1 when 
driven by a turbine or electric motor at 4000 

r.p.m., are 
used to deliver 
air to blast 
furnaces at a 
pressure of 2} 
atmos. They 
are also used 
for “super¬ 
charging” 
petrol motors 
on aeroplanes. 
In Fig. 25 a 
3-stage fan of this kind is shown; details of 
bearings, rings to prevent leakage, and the 
water-jacket of the outer easing have been 
omitted. A, B, C are the revolving “ im¬ 
pellers,” while the parts drawn solid are fixed. 

Ratcau constructed a simple fan, running 
at 20,000 r.p.m., which gave k = 1-5 ; experi¬ 
ments on extremely high speeds have also 
been made by Parsons and others. But 
such simple fans seem to have no practical 
advantage over the composite type. 

BA. Airscrews 

(General References (11) and (14)) 

§ (35).—In type By, the velocity of the gas 
produced by a rotating solid is perpendicular 
to the axis of rotation; if the velocity is 
mainly parallel to that axis, the fan may 
be called a “ propeller,” or, better, airscrew. 
In all that concerns the general relations 
between the velocity of the solid and the 
velocity or pressure of the gas, airscrews 
are indistinguishable from centrifugal pumps. 
Thus the pressure produced by an airscrew 
is proportional to the square of its velocity, 
the volumetric speed to the velocity, and the 
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power to the cube of the velocity. (35) is 
still true, at least approximately, and similarly 
defined efficiencies might be employed to state 
the performance. 

The difference, between airscrews and 
centrifugals lies in the connection between 
the constants of these equations and the 
geometrical magnitudes. Much more is known 
of this connection for airscrews, perhaps on 
account of their im- 
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portance for other pur¬ 
poses ; for this know¬ 
ledge reference may 
be made to “ Aero¬ 
dynamics”; since 
airscrew pumps are 
not very important, no further account of 
their theory need be given here. 

§ (36).—Airscrews are largely used for venti¬ 
lation, either stirring up the air in a room or 
extracting it into the atmosphere through a 
holo in the wall. A plain airscrew is very 
inefficient for the second purpose, since the 
difference of velocity between the centre and 
circumference of the screw produces a circula¬ 
tion within the fan itself, as shown in Fig. 26. 
The loss due to this circulation is greater when, 
as in Fig. 26, it is the H.P.V. that is partially 
closed than when it is the L.P.V. To reduce 
the loss the centre of the airscrew is often 
covered ■with a disc to prevent the return 
flow; the volumetric speed for a given 
diameter and velocity is thereby decreased, 
but the mechanical efficiency is increased. 

It is impossible to secure that all the energy 
given to the gas shall produce axial flow; 
some inefficient tangential and radial flow 
is always produced at the same time. In 
the Rateau screw fan, shown in Fig. 27, the 
tangential and radial flow 
is greatly reduced by causing 
the gas to strike the blades 
(B) with a velocity opposite 
to that of their rotation. 

This velocity is imposed 
on. the inflowing gas by the 
fixed vanes V. The centre 
of the blades is covered by 
the fixed disc D. a shows 
a transverse section through 
the fan, b a “ cylindrical ” 
section made by a cylinder 
coaxial with the fan, cutting 
B and V and developed into 
a plane. In b the motion of 
the blades B is upwards. The Rateau screw 
fan resembles in its performance a simple 
centrifugal. 

Some fans, described as of “ mixed flow,” 
are intermediate between centrifugals and 
airscrews, the flow of gas being partly radial 
or tangential and partly axial. But they do 
not differ sufficiently iij principle from the 
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many types of pure airscrews and centrifugals, 
which are also described in makers’ catalogues, 
to warrant special notice. For small powers 
there seems little to choose between these 
classes of fans; for larger powers the centri¬ 
fugal is more suitable ; it is also more suitable 
for the individual members of a composite 
pump. 

Bi. Thermal Pumps 

§ (37).—The principle of these is sufficiently 
discussed under “Convection.” The chimney 
of the open fire which ventilates a room and 
the gas jet in the flue of the chemical fume 
cupboard are familiar examples of “ blowers ” 
of this type. The draught produced by a 
flame in a flue has also been used to work 
small wind channels for aeronautical investiga¬ 
tion ; and generally, if only very small powers 
are concerned and efficiency is unimportant, 
chimneys and small fans may be regarded as 
mutually interchangeable. 

t 

C. HlGH-VACmTTM PUMPS 
(General References (21), (23)) 

§ (38).—During the last few years pumps 
have been invented which will attain pressures 
definitely lower than those that can be reached 
with any of the pumps described so far. They 
depend upon “ molecular ” processes, that i's 
to say, processes explicable by molecular 
theory. and not by hydrostatic or hydro- 
dynamical theories, which regard a gas as a 
continuous medium. These processes become 
important only when the pressure of the gas is 
below some definite limit, which is usually far 
below that of the atmosphere. The pumps 
must therefore be run in series with an 
auxiliary pump which reduces and maintains 
the pressure below the limit at which the 
action of the molecular pump begins ; this 
pressure is of the order of 0-1 mm. As 
auxiliary pumps, those of type (Ad) are now 
usually employed. Further, since the vapour 
pressure of water is much above the limiting 
pressure,, a drying agent must he used in 
conjunction with the auxiliary pump; on 
the other hand, a molecular pump does not 
distinguish between vapours and permanent 
gases, and no device is needed to remove 
from the low-pressure side of the pump any 
vapours except those which arise from the 
action of the pump itself. 

Two molecular processes have been employed 
for 'such pumps, both originally suggested" by 
Gaede. Since the first type was the only 
member of its class when first invented, it 
was called by its inventor the “ molecular 
pump.” It is convenient to retain the term 
and confine it to this type, although the 
second type, invented later, has an equal 
right to it. 


Cj. Friction Pumps 

§ (39) Gaede MolecBlar Pump. — The 
action depends upon the forces between a 
gas and a solid (or liquid) surface moving 
relatively to it. At ordinary pressures those 
forces are determined by the viscosity of the 
gas, and the influence of the solid boundary 
enters into the calculation of the flow only- 
through the assumption that v n , the velocity 
of the gas at that boundary, is zero and that 
there is no “ slip,” But at sufficiently low 
pressures Ivundt and Warburg (15), confirmed 
by many later observers, showed that the 
measured flow agreed with that predicted 
hydrodynamically only if it was assumed that 
there is some slip, that ?>„, the velocity of the 
gas at the boundary and parallel to it, is 
finite, and that the force exerted on the gas 
by the boundary is a\ t . e is called the friction 
coefficient and e/p the coefficient of slip. 

From the molecular standpoint the matter 
appears somewhat differently. The condition 
®o=° means that the velocities of the mole¬ 
cules leaving the boundary are symmetrical 
on either side of the normal. The appearance 
of slip at low pressures does not mean that this 
condition is no longer fulfilled. For if the 
pressure is greater on one side of the normal 
than on the other, more molecules will arrive 
at the boundary from the first side ; if the 
molecules leave the boundary equally dis¬ 
tributed on both sides, then there will be on 
the whole a How of gas from the first aide to 
the second, so long as the distance travelled 
by the molecules leaving the boundary before 
they collide is finite. On the other hand, the 
flow will be loss than it would be if the mole¬ 
cules left the boundary with their velocity 
parallel to it unchanged. Accordingly the 
condition « 0 =O is not inconsistent at low 
pressures with the hydrodynamical assumption 
of a finite slip coefficient. 

KHudson (1(5) has calculated the friction 
coefficient from such a molecular theory. He 
'assumes that whatever the direction "of the 
incident molecules, the number with any 
velocity leaving the boundary within a cone 
of solid angle dta making an angle 0 with the 
normal is proportional to cos (ldu> and that the 
distribution of velocities is Maxwellian. He 
concludes that e = s 0 . p, whore 

gPo* ■ * • (31) 

and />„ is the density of the gas at unit pressure 
and the prevalent temperature. (31) has been 
confirmed by experiments at pressures loss 
than 0-001 mm. Gaede (17) has shown that 
at higher pressures e 0 is greater, probably 
owing to the presence of- a gas film on the 
bounding surface. 

Consider a layer of gas between two infinite 
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parallel plates, distant h from each other, 
moving relatively to the gas with velocities 
v u v 3 . Let p x , p & he the pressures of the gas 
at points distant L along the direction of 
motion. If the pressure is so high that the 
mean free path is small compared with the 
distance between- the plates, the forces on the 
gas are due to its viscosity; the relation 
between p x and p 2 is given by the equation 
similar to that of Poisseuille : 

(Pi-^) = p-LK+w 2 )* - (32) 

But if the distance between the plates is 
small compared with the mean free path, 
the conception of a viscosity depending on 
collisions between molecules becomes in¬ 
significant, and the equation must involve 
only e, depending on collisions with the walk. 
It is found that 

l°geg=|LK + v 2 ). . . (33) 

The ratios of the pressures at opposite ends 
of the plates is a function of the velocities 
and of the geometrical quantities : it is in¬ 
dependent of the pressures. If any geometri¬ 
cal arrangement other than that of parallel 
plates is used, this proposition is still true, 
so long as the pressure is sufficiently low, 
and so long as the velocities are consider¬ 
ably less than the mean velocity of the 
molecules. If this last condition were not 
fulfilled the distribution of velocities among 
the molecules leaving the boundary would be 
no longer Maxwellian, and would be greater 
—which would clearly be desirable for the 
purpose in view. 

§ (40).—The construction of Gaede’s pump 
(18) in which this principle is applied is shown 
diagrammaticaily by transverse and longi¬ 
tudinal sections in Fig. 28. A is a cylinder 



rotating in the closely fitting housing B ; in 
the surface of A are cut grooves into which 
project the obstructions C attached to the 
housing; the pipes n and m open into the 
grooves on either side of C. If A rotates 
clockwise the friction between the rotating 
cylinder and the gas lowers the pressure at 
n and increases it at ni. The grooves are in 
series from the middle outwards ; m of the 
middle groove is connected to n of each 
of the grooves on either side, and so on; 
m of the outermost grooves are connected 


| to the auxiliary vacuum (H.P.V.) and n of the 
middle groove to the L.P.V. A is run at 
about 140 revs. j)er sec. by a pulley and 
motor. The axle passes through an oil box 
which seals the interior of the housing from 
the atmosphere. The intrusion- of oil from 
the oil box is prevented by an Archimedean 
screw cut on the axle, which drives the oil 
backward; this arrangement makes it of 
great importance that the auxiliary vacuum 
should be turned on after the pump is started, 
and turned off before it stops. 

The precise calculation of the pressures 
obtained is very complicated ; for there has 
to be taken into account, besides the driving 
of the gas from n to m by the friction of the 
rotating cylinder, the leak of the gas back 
from m to n past the obstruction C and over 
.the surface of the cylinder between successive 
grooves. But theory shows and experiment 
confirms that at a sufficiently low pressure 
the ratio of initial and final pressures is 
proportional to the speed of rotation and 
independent of the pressure-, hut the ratio 
falls off when the pressure in any part of the 
pump rises above that (about (M)2 mm.) at 
which b is equal to the mean free path. At 
a speed of 140 revs, per sec. and an auxiliary 
vacuum of 0T mm. pn/p^ is about IQ 5 , so 
that a pressure of 10“ G mm. can be obtained. 
But the ratio varies with the gas, in virtue 
of the occurrence of p 0 in (31) ; it is less with 
hydrogen than with air; probably hydrogen 



formed a large part of the gas with which this 
measurement was obtained. Lower pressures 
could be obtained with a better auxiliary 
vacuum ; but the vacuum attainable is defi¬ 
nitely limited by that of the auxiliary pump. 

An important feature of these pumps is the 
great speed of pumping. Fig. 29 A shows S 
(in cm. 3 /see.) plotted against the pressure 
(log. scale) ; for comparison, B shows S for 
the Gaede rotary mercury pump (Ab). 

The molecular pump would have made 
possible modern high-vacuum work ; but all 
its advantages, except one, are possessed 
by the next type of pump to he considered. 
This one advantage is that it will remove all 
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vapours, while all other high-vacuum pumps 
leave mercury vapour, which has to be removed 
by condensation. But the advantage is of 
little practical importance for most work 
since the pump will maintain the vacuum 
only while it is running ; if it is to be stopped 
and the vacuum preserved, some form of tap 
or trap must be inserted, and such devices 
always introduce vapours. On the other 
hand the molecular pump is necessarily 
expensive and requires skilled attention. 
Despite its novelty and ingenuity it is already 
practically obsolete. 

Ck. Diffusion Pumps 

§ (41) Diffusion Pumps.— In Fig. 30 (a) let 
H be the H.P.V. in which is maintained 
a constant pressure, L the L.P.V. to be 
evacuated. Let X be a vessel in which some 
liquid can be heated, while H, but not L, 
is cooled so as to condense its vapour. If 
the liquid is heated to a temperature at 
which its vapour pressure P is large compared 
with pn, a continual stream of vapour will 
pour along the tube XMH, driving the gas 
before it and condensing in H; if the stream 



is sufficiently rapid the gas in H will be un¬ 
able to diffuse, back into the tube against it. 
On the other hand, the gas in L will diffuse 
out into the vapour stream and bo carried 
by it into H. For this diffusion is not opposed 
by a vigorous stream in the contrary direction ; 
since L is not cooled, the vapour will not 
condense in L, and vapour will enter it only 
at a rate sufficient to replace the gas diffusing 
out. Accordingly, after some time L will be 
completely evacuated of gas and contain 
only vapour. If L is now cooled, the vapour 
will condense and an almost perfect vacuum 
be left in L. The vacuum will not be quite 
perfect because some gas from H will diffuse 
back against the stream of vapour, however 
low is p n and however rapid the stream ; but 
a consideration of the magnitudes involved 
will show that the residual pressure could 
easily be made inappreciable. 

Such is the principle of the diffusion pump 
in its simplest and ideal form. In practice 
it is impossible to maintain the whole of L 
(the apparatus to he evacuated) at or above 
the temperature of the boiling liquid during 
the evacuation. L as well as II is cooled 
sufficiently to condense the vapour, and 
consequently if the simple arrangement of 


Fig. 30 (a) were adopted, the diffusion of gas 
out of L would be opposed bv a vigorous 
stream of vapour entering ; if the gas from H 
could not diffuse against the stream neither 
could the gas from L; there would be no 
pumping. Some device, therefore, must be 
adopted to prevent a stream of vapour 
entering L. 

§ (42) Gaede Diffusion Pump. —The device 
originally adopted by Gaede (19) was to 
place in the tube leading to L an obstruction 
with a very small opening. If the linear 
dimensions of this opening are small compared 
with the mean free path of the molecules, the 
laws of the flow of gas and vapour through 
the opening are not those of hydrodynamical 
streaming, but those of diffusion. The How 
depends on the partial pressure of the con¬ 
stituents of the mixture and not on their total 
pressure. Since the partial pressure of the 
gas in the tube XMH is zero, the gas will 
diffuse out through the entering vapour in 
spite of the fact that the total pressure of the 
vapour is greater in the tube than in L. 
The problem can be treated exactly by 
. molecular theory. If d is the diameter and <r 
the area of the opening at M, X the mean free 
path, p 0 the density of the gas at a pressure 
of 1 dyne per era. 2 , then the volume of the gas, 
measured at pj„ issuing through M per see. is 
given by 


where 


a 

q 


;C" 


S ~ a ,_°L_ •; . . . (34) 

n / 2 t rp 0 

*/*(« +a? a ), and :« a « 


a attains the maximum 1 when d/\ is small ; 
but a decreases with, d. The maximum value 
of S, when X is fixed, is given approximately 
by cl~\. Tiffs maximum will increase with 
X, which, since the vapour pressure of the 
liquid must be greater than pu, is limited 
by pit* Accordingly the speed of the pump 
depends greatly on the auxiliary vacuum, 
and also on the temperature of the liquid. 
For if P is too small, gas will diffuse back 
from H j if it is too largo, the diffusion of 
gas from L will be hindered by the oppos¬ 
ing flow. The conditions in the pump need 
therefore careful adjustment. On the other 
hand, S is independent of the pressure of the 
gas and dependent only on its nature and 
temperature : this is the most striking feature 
of all diffusion pumps. S is greater for the 
lighter gases; the variation of S with the 
nature of the gas is the contrary of that for 
the molecular pump. 

§ (43).—-Any liquid could be used in a dif¬ 
fusion pump, so long as it could be maintained 
at the appropriate temperature. Actually 
mercury is used, for the appropriate tempera¬ 
ture is convenient (P=0-3 mm. at .100° G.); 
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moreover it is chemically stable and does not 
wet glass. But its universal adoption is prob¬ 
ably due in part to the previous association of 
mercury with air-pumps—an association based 
on quite different properties. 

The vapour of the liquid used in the pump 
at the pressure corresponding to atmospheric 
temperature is left by the pump in L. It is 
easily removed from the apparatus connected 
to L by making the connection through a trap 
cooled in liquid air. The introduction of the 
cooled trap involves, of course, a continual 
stream of vapour opposing the diffusion of the 
gas through L; hut at atmospheric tempera¬ 
tures the vapour pressure of mercury is so 
low that the consequent diminution in the 
speed of the pump is inappreciable. However, 
Gaede (19) has pointed out that the existence 
of this stream causes a slight error, appreciable 
at the lowest pressures, in the measurement 
of the pressure in L by a McLeod gauge. 
Since vapour is streaming from the gauge to 
L, the pressure of the gas in L is slightly higher 
than its pressure in the gauge. 

§ (44).—The original diffusion pump of Gaede 
involved complicated glass construction : since 
it is no longer used, it need not he shown. 
The maximum value of S obtainable was about 
80 cm. and far below that of the molecular 
pump at the higher pressures. On the other 
hand S was, as theory predicts, independent 
of the pressure down to the limits of measure¬ 
ment; at pressures less than 10~ 6 mm. the 
diffusion was as good as the molecular pump, 
and no practical limit to the pressure was set 
by the diffusion of gas from H against the 
vapour stream. 

Moreover, it should be observed that there 
is nothing in the principle of the pump to 
limit its use to very low pressures, except the 
condition that d—\ : if openings as small as 
the free path could be obtained at atmospheric 
pressure the pump -would work. Gaede has 
actually used the pump at atmospheric pressure, 
taking the pores of an earthenware pot as the 
openings and steam as the vapour; but since 
the pores are backed hv very fine tubes, 
through which the gas has to flow before it 
arrives at the pump, the speed of such a 
pump is very slow; it is not generally of 
practical use. 

§ (45) Langmuir “ Condensation ” Pump. 
—A simpler and more efficacious method of 
preventing the flow of vapour into L is to use 
the inertia of the stream to carry it past the 
opening. Thus in the modification shown in 
Ftg. 30 (b), if the velocity of the stream of 
vapour issuing at C is as great as the velocity 
of the molecules in the stream, all the vapour 
will travel forward till it meets the walls of 
the outer tube or the gas in H; none will 
stream towards L and prevent the diffusion 
of gas from L, although the pressure in the 


vapour stream, as measured by its density, 
may be very much greater than the pressure 
in L. (It will be seen that the construction 
is similar to the, gas injector pump Be, 
but the principle of action is different. The 
gas from L diffuses against the hydrostatic 
pressure ; it does not flow with it.) 

If the walls of the outer tube were heated by 
the vapour, the liquid condensing on them 
would have a vapour pressure greater than 
that in L ; there would be a flow of vapour 
from the heated walls towards L, which is 
cool, and this stream would onoe more hinder 
i the diffusion of gas from L. Accordingly 
Langmuir (20), who first used this arramm- 
| ment, laid great stress upon the cooling °of 
! walls struck by the vapour stream ; he 
| insisted that the vapour must be immediately 
; condensed to the temperature prevailing in 
L, so that there should be no flow of the vapour 
back towards L. On account of the import¬ 
ance attributed to this condensation, he termed 
his pump a condensation ” pump to distin¬ 
guish it from Gaede’s diffusion pump ; but it 
is equally a diffusion pump in the sense that 
the gas from L follows the gradient of partial 
pressure, not that of total pressure. Gehrts 
(21) has pointed out that Langmuir’s principle 
was anticipated by Magnus (22), who did not 
see its applications. 

It appears, moreover, that though the very 
efficient cooling of the walls and the complete 
condensation is necessary to the most efficient 
working of the pump, it is possible to make a 
pump of this type with much less efficient 
cooling. This is achieved in Crawford’s 
parallel jet pump (24). But in its working 
characteristics this pump resembles the dif¬ 
fusion rather than the condensation pump, 
and has not the advantages of Langmuir’s 
pump noted below. 

§ (46). — The construction of Langmuir’s 
pump in metal (25) is shown in Fig. 31; it can 
also be made without great complication in 
glass (20). The mercury M is maintained at a 
temperature of about 100° C. by the expendi¬ 
ture of about .100 watts, supplied electrically 
or by a burner. The baffle B deflects the 
vapour stream downwards and against the 
avails cooled by the v r ater jacket ,J. The 
L.P.V. is connected to L; the auxiliary 
pump to H. If this pump maintains a 
pressure p n of 0-01 mm. or less, S is as great 
as 3000-4000 cm. 3 /sec. and is, as before, in¬ 
dependent of p L down to the lowest observ¬ 
able pressures. Higher pressures p a decrease 
the speed, hut the pump will work even if 
the pressure is nearly 0-1 mm. The speed 
is independent of the temperature of the 
mercury, so long as this is above a limit, 
which is greater the greater is p a . The great 
speed of the pump—greater even than the 
maximum of the molecular pump—and the 
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absence of any need for the accurate control 
of temperature, are the advantages that have 
caused condensation pumps to replace wholly 
the original Gaede type. 

Many variations on the original Langmuir 
design have been made. In some of them 



(26, 27) the heating of the mercury is effected 
by an arc maintained between two mercury 
surfaces inside the pump; in fact this 
arrangement has been applied to largo 
mercury-vapour current rectifiers (28), so 
that the rectifier acts as its own high-vacuum 
pump, only an auxiliary pump being needed. 
Again, it has been proposed (29, 30, 31) to 
combine in the same apparatus a mercury- 
vapour jet pump and a condensation pump, 
using the same stream of mercury vapour. 
The two act in series, and the combination 
will work with an auxiliary vacuum of 10-20 
mm. ; hut the construction is complicated. 

However, special reference need be made 
only to one type of this pump, remarkable for 
its simplicity. It is found possible to dispense 
altogether with the inner tube in Fig. 30 ( h) 
and to make the arrangement; of Fig. 30 (a) 
act as a condensation pump by merely cooling 
the walls of the horizontal tube. Since the 
mercury moleculos striking the cooled walls 
do not rebound therefrom, if the cooled tube 
is made sufficiently long, all the molecules 
emerging from its end at M will be moving 
parallel to the length of the tube and will 
not enter the side tube. One form of such a 
pump is described in (32). An even simpler 
construction is shown in Fig. 32 adopted, the 
whole being made of sheet metal. The limit 
of pu at which the pump will work is about 
0-015 mm., and somewhat higher than that 
for the Langmuir type. But the value at 
which the maximum speed is obtained is not 
very different; this maximum is about 1500 


em. 3 /sec., and is set by the dimensions of the 
inlet tube (see below) rather than by the 
pump itself. The auxiliary vacuum of 0-01 
mm. for this or the Langmuir pump can be 
obtained by oil - pumps, and presents no 
difficulty. The simple pump of Fig. 32, as 
well as the Langmuir and other more com¬ 
plicated pumps, is used on the industrial 
scale in the manufacture of thermionic valves 
and other high-vacuum devices. 

§ (47) High-vacuum Tkoiiniqub. —It has 
been pointed out that there must be some 
limit to the pressure reached by a diffusion 
or condensation pump, determined by p n and 
the speed of the vapour stream. When a 
high-vacuum pump is used the pressure 
attainable and the speed of pumping are 
actually limited by factors other than the 
efficiency of the pump. In the first place, 
the tubes connecting the pump to the apparatus 
offer a resistance to the flow of gas. Knudsen 
(16) has shown that the volumetric speed of a 
perfect pump is given by 


where R is a constant dependent of the form 
of the connecting tube and /»„ is the density 



of the gas at a pressure of 1 dyne/em. 2 For 
a cylindrical tube of radius r and length L, 



If r is expressed in millimetres, L in metres, 
then for air at 20°, 

8 1 - 03 . . . ( 37 ) 


S is 1000 cm. 2 /sec. for air flowing down a 
tube 1 metre long and about 1 cm. in diameter. 
Consequently to make full use of the speed 
of a condensation pump, connecting tubes 
not less than 2 cm. in diameter must be used ; 
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if the evacuated vessel has to be sealed off 
eventually, the speed is often limited by the 
diameter of the sealing - off constriction. If 
this constriction is to be sealed off by a blow¬ 
pipe it is difficult to make it more than 3 mm. 
in internal diameter; but it is possible by 
heating the tube very uniformly and by 
making the temperature gradient along it 
very steep ( e.g. by a small electric furnace 
surrounding it) to seal off tubes 10 mm. or 
more in diameter. 

§ (48).—Secondly, there is an evolution of 
gas from the apparatus being exhausted. 
Glass and metals in their ordinary condition 
give off large quantities of gas when exposed 
to a vacuum. The gas from glass is chiefly 
water and C0 2 which has been absorbed from 
the atmosphere and will be reabsorbed if 
the glass, having once been freed from gas, 
is exposed to the atmosphere once more. 
The gas from metals is largely hydrogen and 
carbon monoxide, absorbed from flame gases 
during manufacture and diffusing out from 
the interior. The evolution is greatly hastened 
by heat and, in metals at least, by making 
them the electrode of a discharge, even if it 
does not cause material heating. 

To obtain a high vacuum, it is necessary 
to heat the glass while the vessel is exhausted 
to the highest temperature that the apparatus 
will stand without collapse; about half an 
hour at this temperature will liberate the gas 
from the surface, but there is a continual 
evolution at this temperature which is generally 
thought to result from an actual decomposition 
of the glass; this evolution stops when the 
glass is cooled, but if the cooling is too rapid 
some of the gas may condense on the glass 
during cooling and be evolved slowly again. 
For some purposes it is desirable to enclose the 
apparatus in a vacuum furnace, so that the 
external pressure of the atmosphere is removed 
and the glass can be heated for some time 
beyond the softening point without collapse. 
The metal parts must also be heated to near 
their melting point for several hours; this 
heating is effected in modern practice, either 
by making the metal the target of an electron 
bombardment from an incandescent cathode, 
or by exciting high-frequency eddy currents in 
the metal by coils surrounding the apparatus. 
Much time can be saved by heating the metals 
in a vacuum before they are introduced into 
the apparatus. 

By long-continued treatment of this nature 
the evolution of gas can be stopped and a 
vacuum obtained which is perfect so far as 
the most delicate manometers can tell, and is 
maintained indefinitely if the vessel is gas- 
tight. But if the exhausted aiiparatus is 
sealed off from the pump, some gas is always j 
introduced by this operation. For in order 
to softerpjshe glass it must be heated above the ! 


temperature at which an inexhaustible evolu¬ 
tion of gas starts. The gas thus introduced 
can be diminished by heating the sealing-off 
place to near its softening temperature for 
some time before sealing, and then completing: 
the sealing as quickly as possible. Again 
much of the gas (chiefly water vapour) thus 
introduced disappears, being either absorbed 
by the glass, or cleaned up ” by a discharge 
subsequently passed through the vessel. Rut 
it seems that, whatever precaution is taken, 
the most delicate forms of manometer will 
always detect the presence of some gas in a. 
vessel immediately after it is sealed off. 

For further information on these points 
reference is made to (33), which is the best 
summary in English of the state of an art 
which is described in patents rather than in 
scientific journals. Some important devices 
are still kept secret. 

D. Miscellaneous Methods of 
Evacuation 

§ (49).—It remains to consider some other 
methods of evacuation which, though they do 
not satisfy any definition of a pump that 
would have been acceptable twenty years ago, 
satisfy, ideally at least, that given at the 
beginning of this article. Some 'of them are, 
and still more have been, of great practical 
importance ; and they do not appear to differ 
more radically from the older conception of a 
pump (which implied a mechanical device 
with moving parts) than the diffusion pumps. 
Their chief modern use lies in the possibility 
they provide of evacuating a portable vessel 
sealed off from all fixed apparatus. 

§ (50) Condensation.— The pressure of the 
gas in a vessel can he reduced by cooling 
sufficiently any part of its walls. The limiting 
pressure obtainable by this means is, of course, 
the vapour pressure of the substance at the 
lowest temperature available. Savery, when 
he evacuated the cylinder of his#steam-pump 
by condensing the steam with a jet of water, 
was using this principle. It has had some 
more modem applications, e.g. when a gas 
such as air has been removed by displacing 
it with C0 2 and then condensing the CO a 
in liquid air. The method is also used for 
compression. Chlorine, C0 2 and S0 2 have 
been compressed into containers by condensa¬ 
tion in place of by compression pumps. 

§ (51) Chemical Action. —Gas can also be 
removed by causing it to react chemically 
with the formation of solid or liquid com¬ 
pounds. Gas analysis by “ absorption ” with 
liquid reagents employs this principle, but 
some developments of it need more special 
mention. Thus it has been shown (34) that 
metallic calcium heated to 700° C. will combine 
with most, if not all, gases, except those of 
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the inactive group, to form solid compounds 
with low vapour pressures. But some of 
the compounds, especially the hydride, have 
considerable dissociation pressures at slightly 
higher temperatures, and the temperature of 
the metal must bo carefully controlled. The 
method has its uses in special circumstances 
(e.ff. where high vacua have to be maintained 
away from a laboratory or supply of liquid air). 
The alkali metals will also combine with all 
active gases; the combination is usually 
brought about by the electric discharge. It 
has long been known that a discharge passed 
with a cathode of sodium or potassium 
(more conveniently the alloy of the two) will 
remove the common gases down to the 
pressure where the discharge ceases. The 
latest development in this direction is absorp¬ 
tion by heated thorium or zirconium (35), 

§ (52) Absorption. — But such chemical 
methods have been little practised since the 
discovery of the powerful absorption for gas 
of charcoal at low temperatures. From the 
discovery of the method by Dewar (36) to the 
invention of the molecular pump in 1913, 
it was the standard method of producing 
extreme vacua unattainable by liquid piston 
pumps. A glass or, preferably, silica tube 
containing a few grams of charcoal is attached 
to the vessel to be evacuated. The charcoal 
is heated during the preliminary exhaustion 
of the vessel, which should be carried to -001 
mm. ; the vessel is then disconnected from, tho 
pump and the charcoal tube cooled in liquid 
air. If the vessel is largo and the highest 
vacuum is required, two or more charcoal 
tubes may be attached, one being sealed off 
before the next is cooled. 

Many experiments have been made on (1) 
the relative amounts of different gases which 
charcoal will absorb at different temperatures 
and (2) the absolute amounts absorbed by 
charcoal prepared in different ways. A full 
discussion of the results is beyond the scope of 
this article,find for fuller information reference 
may be made to a good summary in (37). 
As regards (1) it appears that, in general, 
gases are more absorbed the higher their boiling 
points, the* exception being tho inactive gases 
which are but slightly absorbed. The mass 
absorbed is proportional to the mass of tho 
charcoal; it increases as tho temperature is 
decreased and as the final pressure of the 
residual gas is increased; it is doubtful, 
therefore, whether a really perfect vacuum 
could be obtained by the method in ideal 
conditions, but, as with the diffusion pump, 
the actual limit lies beyond the range of 
measurement. The rate of absorption de¬ 
creases greatly as the equilibrium pressure 
is attained, and, though the speed of evacua¬ 
tion is rapid compared with that of any 
piston pump down to -0001 mm., it is probably 


slower than that of the Langmuir pump at 
lower pressures. 

. As regards (2), there is some conflict of 
evidence which has been only partially removed 
by the very complete study of the absorption 
by charcoal which resulted from its use in 
gas masks during the late war. In general 
the denser charcoal from the harder woods 
shows tho greater absorption ; tho shell of 
tho cocoanut and the kernels of some fruits 
are tho best raw materials. The original 
coking should be at a temperature not exceed¬ 
ing 900° C., and must be followed by some 
process for the removal of residual hydro¬ 
carbons. For this purpose heating in a stream 
of chlorine at 800° followed by heating at the 
same temperature in hydrogen has been 
suggested; but the best modern practice 
appears to bo alternate absorption of air or 
oxygen at atmospheric pressure and liquid 
air temperature with “ out-gassing ” of tho 
absorbed gas by evacuation at 40Q°-5Q0° C. 
Some writers maintain that all absorbed gases 
can be removed by heating to 600° (I, others 
that heating to any temperature over 500° im¬ 
pairs tho subsequent absorption. It has been 
found also that charcoal, activated by special, 
processes, will produce high vacua even at 
atmosp 1 lerio temporal; u re. 

Absorption, similar to that of charcoal, is 
displayed by other finely divided solids. In 
fact, all solids probably absorb some gas at all 
temperatures, the differences are merely of 
degree. Of the other solids proposed for 
practical evacuation, palladium black (which 
will absorb other gases as well as hydrogen) 
and finely divided copper may be mentioned. 
In addition reference may bo made to the un¬ 
usually great absorption of hydrogen by tan¬ 
talum at atmospheric pressure. Here again 
reference may be made to (38). 

§ (53) Ansoumox :i:n tum Huictric Dik- 
oiurom.—I n the early study of X-rays it was 
found that a hard tube often became *' harder ” 
by tho passage of the discharge through it in 
consequence of a disappearance of part of tho 
residual gas. This disappearance seems to bo 
a normal accompaniment of the discharge; 
when it does not take place, or when the 
contrary process of an evolution of gas occurs, 
it is because the normal disappearance is 
obscured by an evolution of gas caused by 
heating or possibly by some other and distinct 
action of the discharge. 

The facts concerning this absorption of gas 
are still obscure, and still, more obscure the 
explanation of them. It is certain that tho 
inactive gases are in general less absorbed than 
others, but whether and to what extent the 
nature of the electrodes and of the walls 
determine the absorption is not yet certain. 
Here reference will only be made to those 
actions of the discharge in “ cle§teing-up ” 
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gas which are of practical importance. A 
general reference may be given to (39). 

The final evacuation of such apparatus as 
thermionic valves, rectifiers and X-ray tubes 
is probably effected by the discharge. How¬ 
ever carefully the apparatus is evacuated by 
pumping, some gas is always introduced in 
sealing off from the pump. This gas is 
largely, if not entirely, absorbed by the walls 
and electrodes before any discharge passes ; 
but during the first few moments of the dis¬ 
charge, which represents the normal function 
of the apoaratus, some further change occurs 
which makej the “ clean-up 55 more complete 
and more permanent. 

It has long been known that the passage 
of the discharge between suitable electrodes 
would promote chemical actions which lead 
to the removal of gas. An instance is provided 
by the discharge between electrodes of the 
alkali metals, which has been already men¬ 
tioned. Again, it has been found that a 
discharge passing to an electrode of charcoal 
would cause the charcoal to absorb at atmo¬ 
spheric temperature as it will absorb without 
the discharge at liquid-air temperature (40). 

§ (54).—But the most practically import¬ 
ant process of evacuation dependent on the 
discharge is that which involves the introduc¬ 
tion of phosphorus vapour into the evacuated 
vessel. It appears to have been discovered 
first by Malignani (41) ; it was applied to the 
evacuation of electric incandescent lamps and 
has been used for the same purpose continu¬ 
ously since its discovery. At first it appears 
to have been thought that the action was 
chemical, but it is now known to be dependent 
on the passage of a discharge through the 
mixture of gas and containing phosphorus 
vapour. 

The exact conditions which determine the 
disappearance of the gas are still obscure, 
but it may be stated generally that if a dis¬ 
charge is passed through any mixture of gas 
or vapours containing phosphorus vapour the 
pressure will be reduced more rapidly and to a 
lower limit than it would be if the phosphorus 
vapour were absent. The gas that has dis¬ 
appeared can be restored by heating the walls 
of the vessel to a temperature at which red 
phosphorus will evaporate. The latest theory 
of tile action (42) is that the gas is deposited 
on the walls and covered with a “ varnish ” 
of red phosphorus produced by the action 
of the discharge from the phosphorus vapour, 
which prevents the re-evolution of the gas 
so long as the “ varnish ” remains; it is 
also supposed that the exceptional electrical 
properties of the phosphorus vapour are of 
importance. It is known that sulphur, iodine, 
and arsenic act in somewhat the same way as 
phosphorus in this matter. 

In an incandescent lamp the necessary 


[ discharge passes between the opposite ends 
' of the filament which act as electrodes ; the 
cathode, being incandescent, gives a thermionic 
emission sufficient to abolish the cathode fall 
of potential and permit a discharge to pass 
even when the potential difference between 
the electrodes does not exceed fifty volts. 

In Malignani’s original method the phos¬ 
phorus vapour was introduced by heating a 
small quantity of red phosphorus’in the tube 
connecting the lamp to the pump just before 
sealing off. The later practice is to deposit 
the red phosphorus on the filament or the 
adjacent supports, whence it is evaporated as 
soon as the filament is heated. Nowadays it 
is also usual to deposit on the filament, together 
with phosphorus, salts such as fluorides or 
chlorides. Various benefits are attributed to 
the presence of these salts, but it seems to be 
agreed that their action is subsidiary to that 
of the phosphorus, and that the evacuation 
would not occur unless phosphorus (or one of 
the other elements mentioned) were present. 

By this process of phosphorus evacuation, 
the use of high-vacuum pumps in lamp 
manufacture is rendered unnecessary. Even 
h the pump leaves residual gas at a pressure 
of 0-1 mm. in the lamp, almost all this gas will 
be removed in the first few seconds of “ burn¬ 
ing,” and the pressure reduced to less than 
0-001 mm. No mercury-pumps are now used 
in lamp-making; oil-pumps, usually of Class 
Ad, are sufficient. 

The same method has been applied to other 
commercial vacuum apparatus, e.g. rectifying 
valves of the old type without an incandescent 
cathode (43), and, more rarely, to the modem 
thermionic type. ’ G _ E> G _ 
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Am - pumps, Efficiency of. See “ Air- 
pumps,” § (5). 

Airscrews—used as Pumps. See “ Air- 
pumps,” § (85). 

Air Thermometer. See “ Thermodynamics,” 

§ (4). 

Air Vessel Method of Level Indication. 
See “ Meters, Liquid Level Indicators,” 
§ (15), Vol. III. 

Aluminium, Atomic Heat of, at Low 
Temperatures : Nernst’s values for, 
tabulated. See “ Calorimetry, Electrical 
Methods of,” § (H), Table VI. 

Alundum. The. trade name for a tubing com¬ 
posed of fused alumina (Al 2 O a ) with a bind¬ 
ing of fireclay and used as a protecting sheath 
for a thermoelement at temperatures up to 
1550° G. See “ Thermocouples,” § (I) (iii.). 

Amagat : Investigations on the Expansion 
of Fluids under High Pressures. See 
“Thermal Expansion,” § (18) (iii.). 

Ammonia, Latent Heat of Vaporisation 
of : computed, by various writers, for 
different temperatures, and tabulated. See 
“ Latent Heat,” § (7), Table V. 

Ammonia - absorption Refrigerating 
Machines. See “ Refrigeration,” § (5). 


1 Ammonia Compression Refrigerator 
l “ Refrigeration,” § (2). 

Andrews: Investigations on the Expansion 

j of Fluids, in particular Carbon Dioxide 
j under High Pressures. See “ Thermal 
, Expansion,” § (18) (ii.). 

| Anilin, Specific Heat of, determined by 
Prof. E. H. Griffiths by the electrical 
method. See “ Calorimetry, Electrical 
Methods of,” § (5). 

Appold Brake. See “ Dynamometers ” 8 19) 
(ii.). 8 1 ; 

Arches. See “ Structures, Strength of,” § (27) 
Archimedean Screw. See “ Hydraulics ” 
§ (33). 

Archimedes’ Principle. The resultant of 
the pressures acting on a body immersed 
in a fluid is equal to the weight of fluid 
displaced and acts upwards through the 
centre of gravity of that fluid. 

Atomic Heat, Variation of, with Tempera- 
I Turk. See “ Calorimetry, the Quantum 
j Theory,” § (43). 

Autographic Recording Apparatus : For 
use in Strength Tests of Materials. See 
“ Elastic Constants, Determination of.” 
Buckton Wicksteed Patent Spring Balanced 
Recorder. § (Gl) (ii.). 

Dalby’s Optical Recorder. § (01) (v.). 
General Methods adopted for Design of 
J(59). 

Kennedy-Ashcroft Recorder. § (61) (i v .) 
Moore’s Recorder. § (Gl) (iii.). 

Riehle Autographic and Automatic Appara¬ 
tus. § (GO). 

Automobile Engine, The Vauxhall. See 
“Petrol Engine, The Water-cooled,” § (G) 
(ii.). 

Avogadro’s Law. At any one temperature 
and pressure, equal volumes of different 
gases contain the same number of molecules. 
While exact for “ perfect ” gases only, it is 
approximately true of real gases. See 
“ Thermodynamics,” § (GG). 


B 


Bailey Steam Meter. See “ Meters for 
Measurement of Steam,” § (20), Vol. III. 
Balancing. See “ Engines and Prime Movers, 
Balancing of.” 

Balancing of Driving Wheels of Locomotive. 

§ ( 2 ) (L). 

Balancing of Four-cylinder Engines: In¬ 
clusion of Valve-gear. § (10) (i.). 
Balancing of Frame Forces. § (2). 
Balancing of Internal Combustion Engines. 
§ (13). 

Balancing of Locomotives. § (12). 
Balancing in Practical Case. § (4). 


Balancing for Primary and Sooondary Forces 
and Couples. § (10). 

Balancing of Reciprocating Masses. § (10). 
Balancing of a Rotor. § (8). 

Balancing of Yarrow Schlxek Tweedy 
Engine. § (11). 

Centrifugal Couple. § (3). 

Couple Closure. § (5). 

Dalby’s Method. § (5). 

Deductions from Force and Couple Polygons. 
§ (7). 

Force Closure. § (6). 

Four Masses on Four Arms along a Shaft. 
§ (7) ( b ) and (c). 
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Motion of Connecting Rod. § (2) (iii.). 
Motion of Mass in a Circle at Uniform 
Speed. § (2) (i.). 

Motion of Mass in a Straight Line at Varying 
Speed—Bennett’s Construction. § (2) (ii.). 
Primary Balancing. § (10) (i.). 

Salter’s Method of treating this Problem. §(8). 
Secondary Balancing. § (10) (ii.). 

Special Construction for balancing of Four 
Masses. § (9). 


. couple closure 

JLne equation M = -^ „ — . 

force closure 


Rw? 2 


§( 5 ). 

§( 6 ). 


The equation M = 

Three Cranks at 120° cannot be designed so 
that Masses mutually balance. § (7) (a). 


Ball-bearings : Steps in the Evolution 
of the Modern Ball - bearing. See 
“ Friction,” § (38). 

Barnes’ Table of Specific Heats of Water 
at various Temperatures. See “ Mechan¬ 
ical Equivalent of Heat,” § (7). 

Bartoli and Stracciati’s Determination 
of Specific Heat of Water at various 
Temperatures. See “ Mechanical Equiva¬ 
lent of Heat,” § (7). 

Barus, 1889, compared gas-thermometers 
with secondary standards of temperature 
in the range 500° to 1600° and recognised 
the importance of a uniform temperature 
distribution about the gas - thermometer 
bulb for purposes of high - temperature 
measurement. He introduced the thermo¬ 
element in the role of intermediary between 
the gas-thermometer bulb and the tempera¬ 
ture to be measured. See “ Temperature, 
Realisation of Absolute Scale of,” § (39) 
(viii.). 

Beams, Bending of : Macaulay’s Method 
for several Loads. See “ Structures, 
Strength of,” § (10). 

Beams : Relation between Load, Shear, 
Bending Moment, Slope, and Deflec¬ 
tion. See “ Structures, Strength of,” § (12). 

Beau de Rochas : Cycle. See “ Engines, 
Thermodynamics of Internal Combustion,” 
§§ (34) and (51). 

Beaufoy’s Experiments. See “ Ship Resist¬ 
ance and Propulsion,” § (3). 

Becquerel, 1863, compared gas-thermometers 
with secondary standards of temperature 
in the range 500° to 1600°. See £< Tempera¬ 
ture, Realisation of Absolute Scale of,” 
§ (39) (iv.). 

Bell - Coleman Refrigerating Machine. 
Used for cold stores and the holds of ships. 
Air is the working substance used. See 
“ Refrigeration,” § (4). 

Bend Tests : 

Alternating Bend Test beyond the Yield- 
Point. See “ Elastic Constants, Deter¬ 
mination of,” § (78). 


Description of the various kinds of Bend 
Tests for Metals. See ibid. § (29). 

Eorms of Specimen and Methods of Testing. 
See ibid. § (31). 

Bending of Members of a Structure. See 
“ Structures, Strength of,” § (6). 

Benzene, Latent Heat of Evaporation of, 
determined by Griffiths and Marshall. See 
“ Latent Heat,” § (10). 

Bernoulli’s Theorem. Along any stream 
line in a liquid subject only to gravity 
p + gpz + =constant, 

p being the pressure at a point at a depth 
s below the plane of reference, p the density, 
and v the velocity. 

Bjerrum’s Calculations from Volumetric 
Heat Figures. See “ Gases, Specific Heat 
of, at High Temperatures,” § (5). 

Black Body, invented by Wien and Lummer 
for the investigation of the laws of radiation 
from a uniformly heated enclosure : descrip¬ 
tion of modem form of. See “ Radiation, 
Determination of the Constants, etc.” I. § (2) 
(i.), Vol. IV. 

Blade-width Ratio for a Screw-propeller 
is the fraction 

Maxi mum width of blade along its surface 
Radius of propeller 

See “ Ship Resistance and Propulsion,” 

§ (MJ- 

Blading in Steam - turbines, Form and 
Efficiency of. See “Turbine, Develop¬ 
ment of the Steam,” § (3); “ Steam- 
turbine, Physics of,” § (6). 

Blowers, Theory of. See “Air-pumps,” 

§(!)• 

BOMB CALORIMETERS 

§ (1) Introduction. —The laboratory method 
of determining the calorific value of a fuel is 
to bum a known weight of a carefully dried 
sample in a vessel containing oxygen. From 
the temperature rise of the water in the calori¬ 
meter the heating value of the Juel is com¬ 
puted, taking into account certain corrections 
which are described later. Although the 
calorific value does not give all the informa¬ 
tion desired concerning a particular fuel, or 
determine its suitability for a specified purpose, 
yet it is generally accepted that the heating 
value is the most important property to bo 
considered in estimating the value of fuel. 
Purchasers of large quantities of coal now 
adopt the heat-unit basis of evaluation, and 
the technique of combustion calorimetry has 
been so well developed that a skilled operator 
can average thirty-five determinations per day. 

Two types of apparatus are employed for 
such tests. In one the fuel sample is burned 
under normal atmospheric pressure in a calori¬ 
meter of the “ submerged bell ” type, 1 whilst 

1 See “ Goal Calorimeter.” 
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in the other the fuel is burned under high 
pressure in a “ bomb ” type of calorimeter. 
Some authorities prefer the “ bell ” type to 
the “ bomb ” because in it the combustion is 
carried out in oxygen at nearly atmospheric 
pressure and, consequently, the conditions 
resemble those obtained in steam boiler 
practice. With a “ bomb ” calorimeter the 
combustion is almost instantaneous and 
I'esembles an explosion in its violence and 
rapidity. 

The decomposition products of coal vary 
somewhat, and it is generally found that the 
results obtained with the bomb calorimeter 
are slightly higher than those with the “ bell.” 
For scientific work, however, the bomb type 
is universally used, since under good work¬ 
ing conditions the combustion obtained is 
jjractically complete. In skilled hands either 
method gives reliable and 
concordant results for solid 
fuels, but the bomb ” is 
the only method applicable 
to liquid fuels. 

§ (2) Description op a 
Bomb Calorimeter Out¬ 
fit. —The calorimetric out¬ 
fit consists of the following 
elements: 

(i.) The bomb. 

(ii.) The calorimeter 
vessel, stirrer, and 
constant tempera¬ 
ture jacket. 

(iii.) The temperature 
measuring instrument. 

(i.) The Bomb .—In one 
of the oldest forms of 
apparatus — the Mahlor- 
Donkin — the bomb consists of a massive 
gun-metal cylinder provided with a cover held 
down by three studs. The cover is pro¬ 
vided with a milled-head screw valve for 
regulating the inlet of oxygen to the cavity 
inside the bomb. The joint between the 
bomb proper and its cover is effected by 
means of a lead washer inserted in a circular 
groove. The inside of the cover has a pro¬ 
jecting ring which registers with this groove 
when it is screwed down. Tho bomb is 
plated inside with gold in order to withstand 
the corrosive action of the nitric and sulphuric 
acids produced by the combustion of the 
fuel. The most satisfactory form of lining 
is that of platinum, but nowadays it is not 
much used on the score of expense. Porcelain 
enamel is also sometimes used for lining the 
bomb. 

The Kroeker type of bomb has a cover 
screwed on to the bomb (see Fig. 1). The 
bomb is made of steel and has a fixed platinum 
lining, while the cover is of bronze. 


Parr 1 has recently designed a, bomb of an 
acid - proof base - metal alloy which appears 
very promising. 

Some investigators employ a replaceable 
lining, but in practice it is found difficult 
to maintain a 
perfect fit and, 
consequently, 
difficulties arise 
owing to leak¬ 
age of tho pro¬ 
ducts of com¬ 
bustion into 
the space be¬ 
hind the lining 
where it, cor¬ 
rodes the metal 
of the body of 
the bomb. 

T h e staff 2 
of the U.S. 

Bureau of 
Mines have de¬ 
veloped a form 
of bomb (see 
Figs. 2 and 3) in which the lid is held in position 
by a novel form of sealing device. This con¬ 
sists of a tough steel receiving nut and lock 
so constructed that less than a one-eighth turn 
with the wrench suffices for sealing. A circular 
gasket of electrician’s solder effects the seal. 
This locking device is 
an adaptation of the 
principle used in the 
brooch locks of artillery. 

They claim for this de¬ 
sign durability, ample 
strength, and facility 
o f m a n i p u 1 a t i o n. 

Further, when the lock 
wears out a new one 
can be substituted 
without the expense of 
making and gold-plating 
a now shell. The shell 
of the bomb is made of 
Monel metal which is 
well adapted to gold 
plating. 

Fery has devised a 
bomb calorimeter in 
which the heat devel¬ 
oped is shown on an indicator. See article 
on “ Calorimetry, Method of Mixtures,” 

§ (13) (ii.), “ Metallic Block Calorimeters.” 

(ii.) The Calorimeter, Stirrer, and Constant 

1 “An Add-resisting Alloy to replace Platinum 
In the Construction of a Bomb Calorimeter,” Journ. 
Am. Cham. Soc., Nov. 1915, xxxvii. 2515-2522. A 
test of the above by E. H. Jesse, Jr., Eighth Int. Com. 
Appl. Chem., 1912, i. 233. 389. 

2 “ A Convenient Multiple - unit Calorimeter In¬ 
stallation,” by J. X). Davis and E. L. Wallace, Bureau 
of Mines Technical Paper, 91, 48 pp., Washington, 
1918. Abstract in Engineering, Jan. 10,1919. 
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-• e-Hiperature Jacket .—In the outfits employed 
■ U | * a country the calorimeter, stirrer, and 
.picket are similar to those employed in 
•apparatus for ordinary calorimetric experi¬ 
ments by the Method of Mixtures (see 
8 ( 4 )). 

At the U.S. Bureau of Mines 1 a form 
° apparatus has been developed which is 
especially adapted for combustion calorimetry 
(soo Fig. 4). 

The calorimeter is made of heavy sheet 
brass reinforced at the top and middle by 



brass bands (see A). A tubular stirrer well 
i« soldered to the calorimeter as shown in B. 
An electrode is fastened to the bottom of the 
calorimeter, but insulated from it, which 
makes contact with the bomb plug when this 
Is placed in position. 

The calorimeter is supported in its jacket 
on three ivory studs. The jacket is a cylin¬ 
drical vessel provided with a cover of brass 
ground to a water-tight lit. This cover is 
provided with a thin sheet-brass water seal 
(see Fig. 4) fixed to the cover proper by means 
of three thin insulating rods of ivory in such 
a manner that when the calorimeter is in place 
and the cover brought down snugly the water 
seal is in contact with 'the surface of the water 
in the calorimeter, thus serving as an effectual 
1 Davis and Wallace, loc. cit. 


seal against evaporation into the space between 
the calorimeter and its jacket. 

Soldered to the jacket are two heavy brass 
lugs, by which it is held to the vertical brass 
T-bar of the frame in such a manner as to per¬ 
mit the jacket to slide vertically. The jacket 
is supported by a heavy helical brass spring 
bearing against the bottom of the tank, and 
of such strength that the jacket when charged 
is held vertical with its top slightly above the 
surface of the tank water against an adjust¬ 
able stop fixed to the T-bar. 

The stirrer shaft arrangement is also shown 
in Fig. 4. The upper part of the shaft on 
which the driving wheel is mounted consists 
of a thick-walled brass tube, into which the 
lower part of the shaft telescopes, the latter 
being provided with a conical piece (C) screwed 
to the end which engages a receiver at the 
lower end of the shaft tube after the manner 
of a conical friction clutch when the whole 
calorimeter is lowered into place. The lower 
bearing of the stirrer shaft is carried by the 
lid bracket (D), which is held to the vertical 
T-bar of the frame by a clamp which permits 
of raising and lowering the lid and clamping 
in any desired position. 

The calorimeter cover has tubular outlets 
(not shown in Fig. 4) for the thermometer, 
the stirrer shaft, and electrical leads, so that 
the jacket and its cover may be totally 
immersed in the tank water during an experi¬ 
ment. 

In the equipment of the Bureau six such 
outfits are mounted in one thermostatically 
controlled constant temperature bath. 

(iii.) The Temperature Measuring Instru¬ 
ment.—With. the majority of bomb calorimeter 
outfits mercury thermometers are employed 
for the measurement of the temperature rise 
of the water. Such instruments have the 
advantages of simplicity, cheapness, and 
moderate accuracy. They have the dis¬ 
advantages of considerable lag and lack the 
sensibility required for work of Jfiie highest 
precision. The mercury thermometer, more¬ 
over, possesses the serious drawback that the 
mercury often sticks in the bore, particularly 
with a falling meniscus. This trouble can 
be somewhat alleviated by tapping the stem, 
and some observers utilise a miniature electric 
buzzer for this purpose. 

The thermometer should preferably be a 
solid stem type with its scale divided to -02°,0., 
and the scale divisions should extend down 
to the bulb to avoid uncertainty as to the 
magnitude of the emergent column. 

Tor work of the highest precision a calori¬ 
metric resistance thermometer is really 
essential, and a description of suitable in¬ 
struments for the purpose will be found in 
the article on “Resistance Thermometers ” 

§ (6 (i-))- 
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§ (3) Methods of conducting a Test. 
(i.) Calibration of the Apparatus .—It is neces¬ 
sary to determine the heat capacity of the 
bomb and its fittings by experiment, since it 
is rarely possible to calculate this constant 
from the specific heat, of the materials em¬ 
ployed in its construction. There are two 
standard methods of effecting this calibration : 

(a) By an electrical method based on the 
input into the calorimetric system of a known 
amount of heat measured as electrical energy. 

(b) By burning substances of known heating 
value. 

(a) The electrical method is capable of 
considerable accuracy, since 'electrical energy 
can be measured with high precision. In 
practice, however, the method suffers under 
the disadvantage that it involves elaborate 
equipment and is time-consuming. Further, 
it is by no means easy to reproduce with it the 
same conditions as prevail during a combus¬ 
tion test. . The electrical method is generally 
adopted in standardising laboratories, but 
for the purpose of a works laboratory the 
second method is to be preferred. 

(b) To calibrate a calorimeter by means of 
standard substances, such as naphthalene or 
benzoic acid, it is advisable to make about 
half-a-dozen combustions, sufficient amounts 
of the standard being used to produce about 
the average temperature rise obtained in tests 
with coal. This method, besides being simple 
and easy of application, tends to minimise 
errors such as those duo to thermometer 
calibration, cooling correction, Iieat input 
from stirring, etc. .Dickinson 1 has recently 
redetermined the heat combustions of the 
following substances: naphthalene, benzoic 
acid, and sucrose or can© sugar, with a 
view to their adoption as standards in 
calibration work. His results are summarised 
m Table 1. together with those of previous 
observers. 


used than with other materials on jicvouni of its 
lower inflammability. 

Iron wire is frequently employed because it burns 
instead of only melting, and is therefore more certain 
to ignite the sample. The heat of formation of 
iron oxide is about 1600 calories per gram of iron. 
The sucrose specimens required about 3 cm. of wire 
weighing 132 mg. per metre. Hence the correction 
for the heat liberated in its combustion amounted 
to about 2 calories per centimetre. Naphthalene 
ignited readily with I cm. of wire. 

lie also corrected for the small amount of nitric 
acid formed from thenitrogen containedin the oxygen. 
The amount is nearly proportional to the heat 
liberated in the combustion and to tho percentage 
of nitrogen present, and was determined by titration 
after each combustion. The heat of formation of 
HN0 3 from N-t-O+JLO is about 230 calories per 
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Dickinson . 
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The data in the abovo table are expressed in towns 
the 15 caloric. 


It appears from a comparison of tho values 
given by different observers for tho same suit- 
stance that oenzoie acid is the most suitable 
in view of tho close agreement of the results 
obtained. 


Dickinson, found naphthalene to bo a convenient 
material to work with, but care was necessary in 
handling since a gram briquetto would lose about 
1 milligram in weight per hour by sublimation. 
Sucrose did not seem so well adapted as benzole 
acid for standardisation purposes. It has a 
smaller heat of combustion and frequently fails to 
ignite. 

Dickinson suggests that tho higher results given 
by other observers for sucrose may be due to tho fact 
that they, may not have corrected for the heat 
.generated in the firing wire before the sample ignites. 
With sucrose a greater length of fuse wiro has to bo 


xi 1 0 g 3 Combustion Calorimetry, ” Bull. Bur. ms., 1015, 


* l .1.: 


gram of acid. As the oxygon employed contained 
from 0-3 to 0-5 per cent of nitrogen, the correction 
to lie applied for tho heat of formation of J fN() a was 
usually about 1 part in 1000. 


. § (4) Preparation op the Test Samples. 1 ' 
(i.) Solid Fuels .-—It is necessary to convert 
the coal into a small briquette or tabloid for 
the purposes of tost. If the attempt is made 
to employ tho sample in powder form the force 
of the explosion usually blows some of it 
against tho internal walls of the bomb and it 
escapes combustion. 

Bituminous fuels as a rule will form briquettes 
by pressure alone. In cases where insufficient 
tarry matter is present in the natural fuel, 
just sufficient of a 1 per cent solution of gam 
Arabic may bo used to make the particles of 
fuel adhesive. For half a gram of fuel, throe 
drops of such solution are enough. The 

The Times Engineering 8uvplemmt. Teh. 23. 1017 . 
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briquettes must be heated in an air bath to 
110° C. for at least four hours to expel the 
last traces of moisture thus introduced before 
testing in the calorimeter. 

(ii.) Liquid Fuels .—In weighing and trans¬ 
ferring the liquid fuel to the bomb, carriers 
consisting of small cylindrical blocks of pure 
cellulose are used, one of these blocks being 
able to absorb several times its own weight 
of any ordinary fuel oil. The saturated block, 
after being weighed, is burned under the 
conditions and with all the precautions neces¬ 
sary for solid fuel, the only difference being 
that a rather higher pressure is used, in order 
to obtain a greater supply of oxygen gas in 
the bomb. A blank test with the cellulose 
alone gives the necessary data for the calcula¬ 
tions. As liquid fuels contain only traces of 
acid-forming elements no trouble arises from 
corrosion, and a bomb provided with a gold 
lining will last for some hundreds of tests. 

As regards the special precautions necessary 
to obtain correct results when testing liquid 
fuels, it must be pointed out that the absorbent 
cellulose blocks sold for this purpose absorb 
moisture as well as oil, and that it is necessary 
to dry them before use for one or two hours 
in the air-bath at 100° C. When saturated 
with heavy oils of high boiling-point they are 
also somewhat difficult to ignite, and it is 
advisable to place a little of the dry un¬ 
saturated cellulose in a loose condition around 
the platinum ignition wire in order to avoid 
failure of the test from this cause. As the 
cellulose blocks are large in proportion to their 
weight and absorbent capacity, a larger 
platinum dish will be required than for the 
tests with solid fuel, and the platinum ignition 
wire should be arranged to hold down the 
cellulose block lest the explosive violence of 
the combustion blows it out of the dish. 

§ (5) Quantity op Oxygen required.— 
The quantity of oxygen required is about 
three times that which will unite with the 
charge to give complete combustion. Dickin¬ 
son found that, when the amount of oxygen 
was much less than two and a half times that 
required to unite with the combustible charge, 
there were often cases of incomplete combustion 
as indicated by a reduction in the total heat 
liberated, as well as by the occasional presence 
of a slight amount of soot and by the odour 
of the products of combustion. 

Since the usual pressure employed in routine 
tests is 20 to 27 atmospheres, or 300 lb. to 
400 lb., it is advisable to have a small back¬ 
pressure valve inserted in the milled - head 
screw in the bomb cover in order to avoid 
a great loss of gas when disconnecting the 
oxygen supply pipe and gauge from the bomb, 
after filling the latter with oxygen. At these 
high pressures the combustion of the coal 
is practically instantaneous, and the thin 


platinum wire used for ignition purposes will 
generally be found fused owing to the tempera¬ 
ture momentarily attained. In order to pro¬ 
tect the platinum capsule or crucible from the 
same effect, and from the action of the molten 
slag produced, it is necessary to line it with 
thin asbestos board, cut and shaped to fit the 
crucible or capsule. This asbestos board must 
be dried and ignited before use in order to 
remove all matter that might vitiate the 
results. 

§ (6) Calorimetry by Combustion with 
Sodium Peroxide. — Fusion with sodium 
peroxide is the only way known for finding 
the heat of oxidation of elements which do 
not bum in oxygen and which form oxides 
insoluble in acids. The method is adapted 
to the determination of the heat formation 
of the oxides of a metal and also the heat 
combination of metallic oxides with sodium 
oxide. 

The method is indirect and the heat effect 
sought is not the observed effect ; hence 
burning in compressed oxygen is preferable 
where possible. For example, when carbon 
is burned with sodium peroxide the observed 
heat ( x ) is the result of the following reaction: 

2Na 2 0 2 + C=Na 2 CO s + Na 2 0, 
and x equals the heat of formation of carbon 
dioxide plus the heat of combination of carbon 
dioxide with sodium oxide, and less the heat 
required to separate two atoms of oxygen 
from two molecules of sodium peroxide; thus 

x=C + 20 + (Na 2 0 + C0 2 ) - (2Na 2 0 + 20), 
so that 

C + 20 = x - (Na 2 0 + CO„) + (2Na a 0 + 20). 
Moreover, many substances do not give with 
sodium peroxide sufficient heat to fuse the 
mixture, and hence some readily combustible 
substance, such as sulphur or carbon, must 
be added which gives in many cases the larger 
part of the total heat effect. Professor Mixter 1 
of Yale University, who has made an extensive 
study of this method, gives the folkPwing results 
obtained by fusion with sodium peroxide for 
comparison with those by combustion in 
oxygen. They are: 


Reaction. 

Sodium 

Peroxide 

Method. 

!e . 

3 g-g 
IsS 

O’" 

Reference. 

C+20 = C0 3 . 

964 

94-7 

Jmer. Journ. Science, 
xxix.130; alaoxix. 
434 

Ibid, xxvii. 343 

Ti+20 = Ti0 2 . 

215-6 

218-4 

3Fe+40=Fe 3 0 4 

207-5 

205-2 

Ibid, xxxvi. 55 


Both values for C + 20 are for acetylene 
carbon. One reason for the higher value 

1 American Journal of Science, 1917, xliii. 27. 
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found in the sodium peroxide method is that 
the carbon and peroxide were mixed in a 
mortar, thus allowing the peroxide to absorb 
a little moisture which added to the heat of 
the fusion. The value 267-5 for 3Fo + 40 is 
derived from the results of fusions of iron, 
ferrous oxide, ferric oxide, and the mineral 
magnetite with sodium peroxide, and 265-2 
was the result of burning iron in oxygen. 

Sodium peroxide absorbs water rapidly from 
the air, consequently it should be exposed 
as little as possible, as the hydrated peroxide 
will give more heat with a combustible than 
the anhydrous. One of two samples, that 
which gives off the less oxygen when fused, is 
the better one. The error from the water 
content is small in good peroxide. Its effect is 
further diminished when carbon, for example, 
is added to make a mixture fuse, because in 
practice the heat effect of the carbon is 
found for the carbon and peroxide actually 
used. 

Various substances may be added to a per¬ 
oxide mixture to increase the temperature of 
the fusion. Mister has used acetylene carbon, 
sulphur, and lamp-black. Pure rhombohedral 
sulphur in line powder would appear to be the 
best of the three, hut it becomes electrified 
when shaken in the bomb with the other 
ingredients and sometimes sticks to the bomb 
and is not completely oxidised. Sulphide 
is formed, and occasionally free sulphur is 
left. When the bomb is much blackened by a 
fusion with sulphur the heat result is low. 
Acetylene carbon is the ideal substance to use, 
but difficult to obtain. 

One part of the carbon requires 13 parts of 
pure sodium peroxide for combustion, and it 
is best to take about 20 parts in determining 
the heat effect of the carbon or lamp-black. 
For the combustion of sulphur double the 
calculated amount of peroxide should he used. 
Oxygen is often evolved in a combustion from 
the action of an acidic oxide on the sodium 
peroxide, an£ the heat required to set it free 
from the peroxide is added to the observed 
heat. This correction, 1-73 g.-cal. for 1 e.o. 
of Oxygen at 0° and 760 mm., is derived from 
Beketoff’s Na a +0 = 100-20 Cal. and de For- 
crand’s Na, + 20 = 119-8 Cal. 

Apparatus employed for the Tests. — The 
bomb is made of sterling silver whilst the top 
and fittings are of brass. 

The mixture under test is contained in a 
cup of fine silver supported in the bomb by 
its upper edge. A fusion in the cup cools 
more slowly than when in contact with the 
cold bomb, and hence the reaction is more 
complete. 

The general arrangement of the apparatus 
is identical with that employed in fuel calori¬ 
metry with the addition of bulbs for collecting 
any oxygen set free by fusion. e. a. 
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Platinwidorstaiidthermonu'ters,” .Fischer und Wredo, 
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44 6ur la ehaleur de combustion do quolques derives 
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Calorimetric Bomb,” Benedict and Higgins, J. Am. 
Chem, Mae., 1010, xxxii, 401. 
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on Calorimetry of Fuels,” Boob, J. Inti Eva. Chem., 
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Bourdon- Gaums, Calibration, Adjustment, 
and Correction for Temperature of. 


See “ Pressure, Measurement of,” § (11). 
Boyle’s Law on tho variation of pressure with 
volume for a constant mass of gas states that 
pv constant (at constant temperature). 
See “ Thermal Expansion,” § (14) (ii.); 
“ Thermodynamics,” §§ (5), (59), (66 ); 
“ Engines, Thermodynamics of Internal 
Combustion,” § (13). 

1 The above references have been selected from a 
more extensive Uat quoted by Dickinson. 




32 


BRAKE BLOCKS—CALORIMETRY 


Brake Blocks : Frictional Resistance of 
Brake Blocks, See “ Friction,” § (35). 

Brayton Tys'K of Internal Combustion 
Engine. See “ Engines, Thermodynamics 
of Internal Combustion,” §§ (29) and (52). 

Breast - wheel. See “Hydraulics,” III. 
§ (47) (i). 

Bridge, Strength of : Example of Estima¬ 
tion of. See “ Structures, Strength of,” 
§ (26). 


British Thermal Unit (B.T.U.). The quan¬ 
tity of heat required to raise the temperature 
of 1 lb. of water 1° Fahr. See “Heat, Con¬ 
duction of,” § (2); “Thermodynamics,” g (2). 

B.T.H. Steam Meter. See “Meters' for 
Measurement of Steam,” § (18), Vol. III. 

Bulging, Drifting, Flanging, and Flatten¬ 
ing Tests for Copper and Brass Tube. 
See “ Elastic Constants, Determination of,” 
§ (33). 


C 


. Cadmium, Specific Heat of, at various 
Temperatures ; tabulated, with the atomic 
heat. See “ Calorimetry, Electrical Methods 
( of,” § (10), Table V. 

Calibration Corrections necessary in the 
Graduation of the Capillary Tube of 
a Thermometer. See “ Thermometry,” 
§ (3) (a). 

Callendar, maker in 1887 of a platinum 
resistance thermometer, the resistance of 
a particular specimen of platinum wire 
being directly determined at various tem¬ 
peratures up to 600° C. See “ Resistance 
Thermometers,” g (2)„ 

Callendar’s Equation, applied to the 
expansion of steam ; and Tables. 

, RT 

v -b~ -c, 

P 

where c = c 0 T 0 */T« See “Thermal Expan¬ 
sion,” § (24); “ Thermodynamics,” § (61 ); 
“ Steam-engine, Theory of,” g (9). 

Callendar and Barnes’ Method of deter¬ 
mining Mechanical Equivalent of Heat. 
See “ Mechanical Equivalent of Heat,” 

( § (5) (hi.). 

Callendar and Nicolson. Paper on ex¬ 
changes of heat between steam and cylinder 
wall (Min. Proa. Inst,. CLP., 1897, cxxxi.). 
See “ Steam-engine, Theory of,” § (10). 

Callendar and Swann. Determination, by 
the continuous flow method, of the specific 
heats of air and caroon dioxide at atmo¬ 
spheric pressure at 20° C. and 100° G. See 

( “ Calorimetry, Electrical Methods of,” § (13). 

Caloric Theory, Rumford’s Attack on. 
See “ Mechanical Equivalent of Heat,” § (1). 

Calorific Values of Fuels. See “ Engines, 
Thermodynamics of Internal Combustion,” 

§ (68), Tables II., III., IV., and V. 

Calorimeter: 

An apparatus for the measurement of heat. 
Used in experiments by the method of 
mixtures, in which the substances under 
investigation are mixed. See “ Calori¬ 
metry, Method of Mixtures,” § (5) (i.). 
Bunsen’s Ice : an instrument in which the 
heat given out by a body in cooling from 
some higher temperature to 0° C. is ob¬ 


tained by observing the contraction which 
takes place in the change from ice to water 
produced by the heat given by the body. 
The observed volume change is converted 
into calories by assuming a value for the 
mass of mercury drawn into the instru¬ 
ment by the addition of one mean calorie 
of heat. See “ Calorimetric Methods 
based on the Change of State,” § (2). 
Bunsen’s lee, Modifications of. See ibid, g (3). 
Coal. See “ Coal Calorimeter.” 

Constant of Bunsen’s Ice: the mass of 
mercury drawn into the instrument by the 
addition of one mean calorie of heat: 
values summarised and tabulated. See 
“Calorimetric Methods based on the 
Change of State,” § (2), Table I. 

Dewar’s Liquid Air and Hydrogen: a 
calorimeter based on an analogous prin¬ 
ciple to the steam calorimeter in which 
one of the liquefied gases is employed as 
calorimetric substance. See ibid. § (6). 
Diffeiential Steam, for the determination 
of specific heats of gases at constant 
volume. See ibid. § (5). 

Gas. See “ Gas Calorimeter.” 

Joly’s Steam : an instrument in which the 
heat necessary to raise the temperature 
of a body from the air temperature to 
100 is measured by determining the 
weight of steam which must J^e condensed 
into water _ at 100° to supply this heat. 
See ‘ Calorimetric Methods based on the 
Change of State,” § (4). 

Liquid Hydrogen. See ibid. § (8). 

Liquid Oxygen. See ibid. § (7). 

Metallic Block Types of. See “ Calorimetry, 
Method of Mixtures,” § (13). 

CALORIMETRY 

Calorimetry is concerned with the measure¬ 
ment of energy in the form of heat. It 
constitutes one of the most difficult branches 
of exact measurements owing to the fact that 
a perfect non-conductor of heat does not exist. 

Ihe common method of measuring quantities 
of heat is by utilising the different effects of 
heat on materials such as the change of 
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temperature or the change of state, but in 
recent years another method lias come into 
extensive use, known as the Electrical Method. 
In this a definite and easily measurable amount 
of electrical energy is converted into heat, and 
the resulting change of temperature or state 
observed. The electrical method has many ad¬ 
vantages when measurements of the highest pre¬ 
cision have to be made on account of the facility 
with which the heat supply can be controlled. 

In the brief review given in the follow- 
ing pages the appliances employed in heat 
measurements will be described, and then the 
theories which have been advanced to correlate 
the thermal data with other physical constants. 

CALORIMETRY, ELECTRICAL 
METHODS OF 

§(1) General. — The electrical method of 
calorimetry was first employed by Joule with 
a view to the determination of the mechanical 
equivalent of heat (J). Subsequent work by- 
Professors E. H. Griffiths, Schuster, Gannon, 
Callendar, and Barnes showed that the method 
was one capable of the highest precision for tlio 
determination of J. The article on the deter¬ 
mination of the mechanical equivalent 1 of 
heat should be consulted for details of the 
method as applied to the determination of 
heat capacity of water and its variation with 
temperature. 


I Cooke for the determination of the specific 
lieafc of mercury is shown di ag ram m a tic ally in 
Fig. 1. The calorimeter differs from that 
employed for the determination of J in that 
I t,lle lowing mercury is the conductor in which 
heat is generated electrically and not a fine 
platinum wire stretched along the axis of the 
tube as in the case of the J apparatus. A 
steady stream of mercury flows through the 
line capillary tube and is heated by a carefully 
controlled electric current. The difference of 
temperature between the inflow and outflow 
is observed by means of a differential pair of 
platinum thermometers. The inflow and out¬ 
flow tubes AB and CD are exactly similar, 
about 2 cm. internal diameter and 25 cm! 
long. They are connected by the line flow 
tube B(. of 1 mm. in bore and 1 metre in 
length, coiled up in the form of a short spiral 
-•5 cm. in diameter. The inflow and out¬ 
flow tubes are provided with two side tubes, 
one pair for conveying the current, and the 
other pair for the mercury flow. 

A practical advantage possessed by the continuous 
(low method .is the fact that the heat loss from the 
walls can be determined by making experiments 
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. In Passes it might be mentioned that the calibra¬ 
tion of bomb calorimeters is frequently carried out 
by electrical methods in which an equivalent amount 
of heat to that obtained in coin bust ion is genera, ted 
iii the bomb and its amount measured by observations 
of the watts dissipated, the procedure being identical 
with that followed in methods for determining J. 

In specific heat determinations the great 
convenience possessed by the electrical method 
lies iii the fact that it permits of the deter¬ 
mination of true specific heats, i.e. the specific 
heat over a very narrow range of temperature, 
an(l . consequently it has been of immense 
service in determinations of the variation of 
atomic heats with temperature. 

§ (2) Specxek! Heat op Liquids by Eleci- 
TRidAL Methods.—-I t is obvious that any of 
the appliances which have been devised for 
the evaluation of .J are also applicable for the 
determination of the specific heat of liquids, 
and further that they would give data of the 
highest order of accuracy. There are, how¬ 
ever, certain difficulties in practice. 

Both Callendar and Griffiths applied their 
electrical methods for this purpose: the former 
determined the specific heat of mercury and the 
latter that of aniline. 


§(3) Spboimg Heat or Mercury.—T he 
apparatus employed by Callendar, 2 Barnes, and 


1 m-I e m Heft*. Mechanics 1 Equivalent of." 
Phil. Tram. A, 1902 ; Phys. Men., 1902, xv. 
VOL. I 


with different rates of flow, but keeping the rise of 
temperature constant. 

(i.) Methods of determining the True, Mean 
\ Temperature of Outflow .--By far the most 
important practical detail in this method is 
the device adopted for obtaining the true 
mean temperature of the outflowing liquid, 
if a thermometer wore merely inserted in the 
outflow tube, leaving a free space all round 
for the circulation of the liquid, it is evident 
that the heated liquid would tend to flow in 
a stream along the top of the outflow tube, 
and that the thermometer might indicate a 
temperature which had little or no relation to 
the mean temperature of the stream. It is 
easy to make an error of 20 per cent in this 
manner. A fairly uniform distribution of the 
flow might be secured by making the space 
between the thermometer and the outflow 
bubo very narrow. But this leads to another 
difficulty in the case of mercury. As the 
space is narrowed the electrical resistance is 
increased, and an appreciable quantity of heat, 
which cannot be accurately estimated) is gener¬ 
ated in the vicinity of the thermometers. 

The difficulty was overcome in the mercury 
experiments by fitting the inflow and outflow 
tubes with soft iron cylinders, 6 cm. long, 
turned to fit the tubes and bored to fit the 
thermometers. The soft iron had a condue- 




D 


• 34 CALORIMETRY, ELECTRICAL METHODS OF 


tivity about ten times that of mercury for 
both heat and electricity. The heat generated 
by the current in the immediate vicinity of 
the thermometer bulbs was so small that 
the watts might fairly be calculated from the 
difference of potential between the iron blocks 
at the middle points of the bulbs. The 
mercury stream was forced to circulate in a 
spiral screw thread of suitable dimensions cut 
in the outer surface of the blocks, which 
prevented the formation of stream-lines along 
one side of the tube, and secured uniformity 
of temperature throughout the cross-section of 
the outflow tube. The high conductivity of 
the iron also assisted in securing the same 
result. 

A precisely analogous device for averaging the 
outflow temperature was applied in the water 
calorimeter. The bulb of the thermometer was 
fitted with a copper sleeve of high conductivity, on 
the outside of which a rubber spiral was wound to. 
fit the outflow tube as closely as possible. The 
accuracy of fit was found to be much more important 
in the case of water than in the case of mercury. 
The reason of this is that the thermal conductivity 
of water being 10 or 15 times less than that of mercury 
the accurate averaging of the outflow temperature 
is more dependent on the uniformity of the spiral 
circulation and the complete elimination of asym¬ 
metric stream-Enes. 

In order to obtain a perfect fit for the 
sleeves with their spiral screws it was necessary 
that the bore of the outflow tube should be as 
nearly uniform as possible and accurately 
straight. It was most essential that there 
should be no constriction at the points of 
junction E and E with the vacuum-jacket, 
and that the external portions of the tubes 
AE, FD should not be of smaller bore than 
the portions inside the vacuum-jacket, though 
it would not matter much if they were a little 
larger. 

(ii.’) Correction for Variation of the Tempera¬ 
ture Gradient in the Flow T ube .—The elementary 
theory of the elimination of the heat loss in 
the steady-flow method of calorimetry assumes 
that, if the electric current and the flow of 
liquid be simultaneously varied in such a 
manner as to keep the rise of temperature the 
same, the heat loss by radiation, etc., will 
remain constant. The experimental results of 
Callendar and Barnes show that this condition 
is very closely satisfied in the method, and they 
calculated all the results of the investigation 
on this assumption. It was noticed, however, 
that there were small systematic divergences 
in the experimental verification for the small 
flows which, though amounting only to a few 
parts in 10,000, received careful examination 
as possible indications of constant errors. 

So long as the distribution of temperature 
throughout the apparatus is accurately the 
same for the .same rise of temperature, what¬ 
ever the flow, the heat loss must also be 


identical. But if there is any systematic 
change in the temperature distribution vitb 
change of flow, then there must be a eoire¬ 
sponding systematic difference in th# heat 
loss, which will lead to constant errors in trie 
calculation if no account is taken of it. A 
possible source of error of this type is loss <>i 
heat by conduction along the outflow tube. 
When the flow is large, the heated liquid 
passing along the tube will keep it nearly at 
a uniform temperature, so that the gradient 
in the outflow tube will be small and the 
conduction loss correspondingly minute. As 
the flow is diminished, supposing the tempera¬ 
ture of the outflow to remain the same, the 
gradient in the outflow-tube must increase in 
proportion to the reciprocal of the flow, since 
the radiation loss remains nearly the name. 
The conduction loss will vary directly as t he 
gradient, or inversely as the flow, for a given 
rise of temperature. 

A small error of this kind, due to conduction, 
was detected at an early stage in the mercury 
calorimeter, owing to the large mass of mercury 
in the flow tube, the small rate of the flow, and 
the relatively high thermal conductivity of the 
liquid. It was practically eliminated by filling 
the greater part of the outflow tube from the 
end of the vacuum-jacket with paraffin wax, 
leaving only a small passage for the outflow 
of mercury. This made the conduction loss 
very small, and nearly independent of the 
flow. 

§ (4) Variation or the Specific Heat op 
Mercury with Temperature. —The value of 
the specific heat of mercury in terms of water 
was calculated from the experimental dam, 
taking the value of J equal to 4-1891 for a 
thermal unit at 15-5°, which was the tempera¬ 
ture recommended by Griffiths at the .Paris 
Congress in 1900. 

The experimental results lead to the ex¬ 
pression 

S t =S 0 -1-074 x 10 -r> * + -00385 x 10-V", 

.... s*-s 0 


s n 


•00O32H + -OOO0T)I15* a , 


where S 0 = -033458. 

This gives for the temperature coefficient at 
any temperature t the expression 

It (J) “ —*000321 + -00000230*, 

and for the average change per degree at fiO** 
the value - -0000069. 

The data obtained in the experiments are 
summarised in Table I., p. 35. 

§ (5) Specific Heat of Aniline. —Professor 
E. H. Griffiths 1 determined the specific heat 
of aniline over the range 15° to 50° 0. by means 
of an apparatus similar in its essential features 

Mm -’ Jan - 1805; Proc . Camb . Phil. Sac., 
1895, vm. part 4. ’ 
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Table I 

Specoto Heat op Mercury at Different 
Temperatures 


Mean 

Temperature. 

Specific 

Heat. 

Mean 

Temperature. 

Specific 

Heat. 

2-85 

•033435 

3241 

•033141 

2-93 

■033440 

3(059 

■033121 

442 

•033405 

45-00 

•033050 

18-37 , 

•033291 

53-39 

•032997 

24-52 

•033224 

05-22 

•032929 

31- 68 

32- 14 

•033150 

•033151 

83-89 

•032818 


to that shown in Figs. 5 and 6 of the article 
“ Heat, Mechanical Equivalent of.” 

For experimental work in calorimetry aniline has 
various points in its favour. It has a low vapour 
pressure at ordinary temperatures, is a good electrical 
insulator, and lias a low heat capacity. 

On exposure to light it becomes discoloured, but 
no information is available to show whether this 
affects the thermal capacity. 

lor the variation of the specific heat with 
temperature Griffiths obtained the following 
equation: 


Sj,=0-5156+(i-20) x -0004+(i5-20) a x -000002. 

The agreement between this formula and 
the experimental results will bo seen from the 
table below : 


Table II 



In the course, of this work it was observed 
that the volume heat. La. the specific heat 
multiplied by the density, was practically con- 
stant over the range of temperature investi¬ 
gated as shown by the following results : 


Table III 


Temperature. 

Specific 

Heat, 

S. 

Density, 

<1, 

15 

0-5137 

1 -0257 

20 

0-5150 

1-0218 

30 

0-5198 

1-0.130 

40 

0-5244 

1-0040 

50 

0-5294 

0-9955 


H x d. 


5209 

5209 

5207 

5207 

5270 


§ (6) Specific Heat of Oils. —In some ex¬ 
periments in which it was desired to determine 


the specific heat of oils over a wide range of 
temperature the apparatus shown below (Fig. 2) 
was employed by the writer. 



At room temperatures the oils were ex¬ 
ceedingly viscous, and consequently it was 
necessary to employ somewhat * unusual 
methods of ensuring that the contents were 
well mixed. The heating coils wore arranged 
in the form of two flat paddles so that 
% were in continuous rotation through 
tho oil; suitably disposed baffles further 
assisted the mixing of the contents of the 
calorimeter. It was necessary to lead the 
current in and out of the calorimeter by 
means of two annular troughs of mercury 
into which contact bars from tho heating 
coil dipped. 

§ (7) Bpuomo Heat of Liquids used for 
Rkfiuq•MRAT oita.—Osborn 1 has developed an 
apparatus suitable for the determination of 
specific heats and latent heats of the liquids 
commonly employed in refrigeration work, 
such as ammonia, CO„ SO a , methyl-chloride, 
and ethyl - chloride. Such determinations 
present greater experimental difficulties than 
are met with in work on liquids at ordinary 
pressure, since those materials have a vapour 
pressure varying from 1 to 70 atmospheres 
at the _ temperatures at which the [thermal 
properties are of importance in engineering 
work. Consequently, in tho design of appa¬ 
ratus for experiments of this character great 
attention has to be paid to details of con¬ 
struction. 

(i.) The Calorimeter. —Briefly the arrange- 
1 Bull. Bur. Bids., 1917, xv. 133. 
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ment is as follows: The material to be investi¬ 
gated is enclosed in a calorimeter with, thick 
metallic walls of known thermal capacity 
(Fig. 3). Heat is applied electrically and the 
jacket is maintained at the same temperature 
by the usual adiabatic arrangement. 

An air space between the polished nickel 
surfaces of calorimeter and jacket furnishes 
thermal insulation. Two tubes extend from 
the top of the calorimeter through the jacket 
and liquid to the outside air, terminating in 
valves. One of these tubes is intended for 
connection to pressure-indicating apparatus 
and the other for the introduction and removal 
of the material to be investigated. 

Care was taken to avoid having heavy metal 
connections across the air space and by suitably 



distributing those connections which are necessary 
over the calorimeter surface, the part of the 
thermal leakage due to lead conduction was consider¬ 
ably minimised. Thermoelements indicate relative 
surface temperatures of the jacket calorimeter, 10 
junctions being distributed upon each surface. This 
permits of control over the thermal leakage and 
the correction for such leakage as could not bo 
avoided. 

Thermoj unctions placed upon the connecting tubes 
indicate the temperature of these tubes at several 
points relative to a point on the jacket and in this 
way the temperature of the vapour expelled during 
vaporisation experiments could be found. 

The inside of the central tube in the calorimeter is 
accessible at the bottom for the introduction of the 
heating coil and thermometer. Upon the outside 
of this tube are fastened 12 radial vanes of tinned 


iron about 0-3 mm. thick, extending to within about. 

1 mm. of the surrounding cylindrical wall. These 
vanes are for the purpose of promoting the dis¬ 
tribution of heat within the annular space containing 
the material under investigation. The vanes extend 
just above the top of the central tube. At. this place 
are two flat circular baffle plates, separated about 

2 mm. by three small steel studs. The lower plate in 
united to the tops of the radial vanes with tin. A 
central hole in the lower plate and several holes in 
the upper one between centre and outside furnish 
a tortuous passage for vapour coming from below. 
These two plates are intended to intercept, any 
large drops of liquid which might be thrown up by 
vigorous boiling, should it occur, and also net as a 
thermal shield for the top of the calorimeter. A 
second set of four baffle plates of spherical contour 
separated by about 2 mm. arc attached to the inside 
surface of the conical part of the calorimeter top. 
Each plate has a central hole and four slots at the 
edge so as to avoid trapping gas or liquid, but, these 
passages are so sized and spaced that the nutin path 
through the plates is very tortuous, so ns to make 
difficult the passage of liquid particles from below 
in a current of vapour being withdrawn through 
the outlets in the top. The entire inner surface of 
the steel shell and of the various plates within were 
all tinned, using puro block tin. 

(ii.) Method of Experiment .—Two distinct 
methods of experiment wore employed, in 
the first method the heat, added to a list'd 
amount of the substance under test confined 
in the calorimeter under saturation conditions, 
together with the resulting change in tem¬ 
perature, are measured. By using data for 
the specific volumes of the two phases and the, 
latent heat of vaporisation, the heat lost in 
the vaporisation of the liquid is estimated 
and can be allowed for; thus the specific 
heat of the liquid when kept saturated is 
found. 

In the second method the calorimeter is 
kept full of liquid at a constant pressure. 
The heat, added to the variable amount in the 
calorimeter, and the resulting change in tem¬ 
perature are measured. A correction for the 
heat withdrawn in the expel led .liquid is deter¬ 
mined by special experiments. By use of the 
data for variation with pressure of the latent 
heat of the liquid, obtained from separate 
measurements, made with the same apparatus 
and material, the corrections for pressure 
variation are applied, and thus a second 
determination of the specific heat of the 
saturated liquid is obtained. 

As a final result, the specific heat <r, in joules 
per gram per degree centigrade, of liquid 
ammonia, kept saturated, at the temperature 
6, is given in the range -45° to -| 45” (i by 
the equation 

<r= 3-1365-0-0005711+ J 0 ' 8-12 . 

\Al33 -!) 

The two curves in Fig. 4 show the results 
graphically. 
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§ (8) Specific Heats of Solids by Elec¬ 
trical Methods.— Very little work lias been 
done on tlie determination of the specific heat 


heats of the metals aluminium, tin, copper, 
cadmium, zinc, lead, and silver over the 
range - 160° to + 100° 0. 



of solid substances by the electrical method 
except for the metals. The method, of course, 
lends itself admirably to the determination of 
the specific heats of good thermal conductors, 
but with poor conductors special devices must 
be adopted to ensure uniformity of tempera¬ 
ture throughout the material under test. 

§ (9) Gaede.— Gaede 1 appears to have been 
the first to measure specific heats in this 
manner. In his experiments the specimens 
foimed their own calorimeters. These were 
machined to a cylindrical form and a deep 
central core bored out. Into this was thrust 
a copper core, wound with a properly in¬ 
sulated heater of eonstantan ribbon and a 
resistance thermometer of fine copper wire. 
Thermal contact between the core and the 
walls of. the well was secured by filling the 
intervening space with mercury, using a thin 
stool shell when necessary to avoid amalgama¬ 
tion. This calorimeter was suspended in a 
thermostat and heated through an accurately 
measured temperature interval of about 15° 
by a measured quantity of energy supplied 
electrically. 

Very few particulars of the investigation 
have been published, and the data obtained 
are summarised in Table IV. 

§(10) Metals.— Professor E. H. Griffiths 
and Dr. Ezer Griffiths studied 2 the specific 

1 Ph}/s. Zeitschr., 1902, Iv. 

_ ‘ ppiL Trans Roy. Sac. A, 500, 1913, ccxiii. 119 : 
518' 1914 7 p JC 319 1914 ’ ixxxix ’ 561 J PML Tmns. A, 


o 10 20 30 4C 

4. 

Table IV 


Mei 

-.CUKY, 

Platinum:. 

j Steel. 

Tempera 

ture. 

Specific 

Heat. 

Tempera 

ture. 

Specific 

Heat. 

Tempera 

ture. 

Specific 

Heat. 

17-1 

31-8 

47-2 

61-9 

77-0 

92-0 

•03320 

■03311 

•03302 

•03292 

•03282 

•03273 

17-5 

32-0 

47-8 

02-2 

77-2 

92-2 

•03128 

•03146 

■03167 

•03180 

•03193 

■03205 

16-8 

32-3 

47-1 

62-0 

76-7 

91-9 

1 

■1064 

•1082 

■1099 

•1114 

•1129 

•1144 

Li! 

AD. 

Antimony. 

| Tin. 

Torapora¬ 
tlins. 

Specific 

Heat. 

Tempera¬ 

ture. 

Specific 

Heat. 

1 

'Tempera¬ 

ture. 

Specific 

Heat. 

18-3 

32-3 

47-1 

01-0 

76-9 

92-0 

•03054 

•03075 

•03091 

■03103 

•03112 

■03125 

17-1 

33-0 

47-2 

02-4 

77-3 

92-5 

•05025 

•05056 

•05082 

•05103 

•05116 

■05132 

16-8 

32-5 

46-8 

62-1 

76-9 

92-1 

•05398 

•05446 

•055486 

•05534 

•05580 

•055623 

ZlNO. 

Cadmium. 

Copper. 

Tempera¬ 

ture. 

Specific 

Heat. 

Tempera¬ 

ture. 

Specific 

Heat. 

Tempera¬ 

ture. 

Specific 

Heat. 

17-3 

32-4 

47-2 

62-2 

77-3 

92-7 

•0922 

•0929 

•0930 

•0941 

•0940 

•0949 

17-1 

32-2 

47-1 

61-8 

76-9 

92-2 

•05483 

•05535 

•05566 

•05594 

•05629 

•05655 

16-7 

32-7 

47-0 

61-9 

76-4 

92-3 

•0911 
•0919 
•0924 
•0931 
' -0935 
•0940 
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(i.) Temperatures 0°-100°.—The apparatus 
employed for determinations in the range 0° 
to 100° C. is shown in Fig. 5. 

Two similar blocks of the metal under test 
were suspended in two brass enclosures im¬ 



mersed in a constant temperature bath. In 
the central hole of each block was a heating 
coj.1 whilst the coaxial holes contained resist¬ 
ance thermometers connected differentially. 

The third hole was used for the purpose of 
cooling the block below the surrounding tem¬ 
perature by the insertion of a thin-walled tube 
containing ether and connected to a water 
pump. 

In the experiments one of the blocks was 
heated through a range from one degree below 
the temperature of the enclosure to one degree 
above the temperature of the enclosure by a 
measured supply of electrical energy. 

This temperature interval was measured on 
a resistance bridge in the usual manner. Since 
the two resistance thermometers were adjusted 
to close equality and made of the same sample 
of wire, the balance point on the bridge wire 
was practically at the centre of the wire at 
all temperatures when the blocks were in 
temperature equilibrium with the enclosure. 
Hence no auxiliary coils were required in the 
Wheatstone’s bridge circuit beyond the equal 
ratio arms. 

The energy supplied to the heating coils was 
measured by balancing the potential difference 
at its ends against the E.M.F. of a series of 
cadmium cells in series, the current through the 


coil being adjusted until balance was obtained. 
The resistance of the heating coil was deter¬ 
mined for the particular value of the current 
passing. 

(ii.) Low Temperatures .—The experiments 
were continued at low temperatures but with 
a modified form of apparatus shown in Fig. 6, 
as it was very difficult to obtain any constant 
temperature baths in the region from - 80° to 
-180° C. 

In this apparatus a constant temperature 
enclosure was obtained by the use of a thick- 
walled copper box 
surrounded by a 
coil of piping 
through which 
cooled air circu¬ 
lated. The Joule- 
Thomson effect of 
cooling was util¬ 
ised in a direct 
manner. Air was 
compressed to a 
pressure of 2000 
to 3000 lbs. per 
sq. in., and then 
entered into the 
interchanger by 
the pipe A, Fig. 6. 
This interchanger 
BB was con- 
structed of ordi¬ 



Fig. 6. 


nary solid drawn copper tubing in. bore 
coiled in the form of fiat spirals. Suc¬ 
cessive layers of the coil were separated by 
strips of cardboard and the entire coil packed 
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around with heat-insulating material. Prom 
the interchange:’ coils the air was carried to the 
valve 0, by means of which an observer con¬ 
trolled the flow, excess of air being discharged 
at the safety-valve on the compressor. After 
expansion the air circulated through the coil 
of lead tubing D, and then back over the 
surface of the interchange:’ coils. On the 
exterior surface of the thick-walled copper 
enclosure E was wound a layer of insulated 
copper wire F, which served as a resistance 
thermometer. Variations in the temperature 
of the walls of this enclosure were rendered 
visible by the movements of a galvanometer 
spot. By controlling the flow of air the 
oscillations of the spot could be kept within 
narrow limits and, under normal conditions, 
the oscillations did not exceed a hundredth of 
a degree in amplitude. 

The interior of the wooden vessel M was 
packed with slag wool, 1 the passage for the 
withdrawal of the copper enclosure being kept- 
clear by a cylindrical tube of cardboard N. 
The space between the top of the enclos¬ 
ure and the outer lid was filled by wrap¬ 
ping felt matting around the glass tubes and 
leads. 

The block of metal G was suspended within 
the enclosure by a single glass tube H. The 
centre hole contained the heating coil 0, of 
manganin wire wound on a mica rack and 
immersed in a light paraffin, usually petrol. 
The heating coil was fixed to a short taper 
plug of copper K, which closed the central 
hole. The resistance of the coil was about 20 
ohms. A platinum thermometer was inserted 
in the cylindrical hole T, the annular gap 
between the stem and the walls being closed by 
a packing of asbestos thread. The differential 
arrangement employed in the previous experi¬ 
ments was abandoned as it would have required 
too long a time to obtain the equilibrium 
conditions. 

(iii.) Method of Experiment.—In these experi¬ 
ments the practice was to heat the material 
through a small temperature interval from 
below the surroundings to an approximately 
equal interval above, and observe the rate 
of rise during this period. The method of 
experiment was such that a direct deter¬ 
mination of the temperature of the enclosure 
was not required. An experiment was con¬ 
ducted as follows: 

The temperature of the enclosure was lowered 
progressively by utilising the full supply from the 
compressor and controlling the flow so as to produce 
a steady pressure drop through the valve of 120 to 
150 atmospheres. 

The temperature of the block would fall at a steady 
rate by radiation and convection to the enclosure 

1 It is probable that wool In its natural state would 
have been a better insulator at these low tempera¬ 
tures, since the grease in the wool prevents it from 
absorbing moisture. 


walls, and when its temperature luid nearly reached 
the desired point the cold air circulation around the 
enclosure was stopped. 

Its temperature would then rise rapidly by 
conduction from without and soon pass that of the 
block which, in consequence of the slow transmission 
of heat by radiation and convection, would lag 
behind that of the walls. The temperature of the 
enclosure walls would then be maintained steady at 
about three degrees higher than that of the metal 
block. 

-Some time had to elapse before the conditions were 
sufficiently settled to justify the commencement of 
an experiment. 

_ The first group of readings consisted of observa¬ 
tions of the rate of rise of temperature of the block 
by radiation, etc., the transits of the temperature 
being observed across successive equal intervals 
(of about vjlgth of a degree), the time between suc¬ 
cessive transits being of the order of 50 seconds. 

The electrical supply was then switched on, and, 
after allowing a little time for the setting up of a 
steady gradient, transits every fifth of a. degree were 
taken. 

When the temperature had risen two or three 
degrees above the surroundings the electrical supply 
was switched off and observations of temperature and 
time continued. 

The temperature would then fall steadily under the 
influence of radiation, etc., the rate of cooling being 
observed in precisely the same manner as the rate 
of rise of temperature before the electrical supply 
was switched on. 

If cr is the rate of rise or fall due to radiation 
for 1° C. difference in temperature between the 
Mock and the surroundings, then assuming 
Newton’s law to be valid for the loss or gain by 
“ radiation ” (an assumption which was fully 
justified by the experimental results), we have 
the expression 

d0_ . 

for the rate of rise or fall under the influence 
of “ radiation ” alone. Hence, plotting dOjdt 
against 0, the straight line joining the two 
groups will cut the temperature axis at 0 = 0 O 
which determines the temperature of the 
surroundings. 

For the rate of rise under the combined 
effect of the electrical supply and radiation wo 
have the equation 

* M .. 

'arRiis +(r(6 '“^ )j 

where E a /R is the electrical supply per second 
in thermal units, MS the thermal capacity 
of the block including that of the resistance 
coil, etc. 

Plotting the observed rates of rise on the 
same scale as the “ radiation ” observations, it 
is obvious that the straight lino thus obtained 
should be parallel to the line joining the two 
groups of “ radiation ” observations, since the 
tangent of the angle made with the 0 axis is • 
equal to cr. For 6 = 0 0 the “ radiation ” term 
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vanishes, hence, if 3%/3f denotes the value of 
the ordinate at this point, then 
30n_JE 2 
dt ~ RMS’ 


from which S can be obtained. The results 
obtained are summarised in Table V„ and shown 
graphically in Fig. 7, where T is the absolute 



Fig. 7. 


temperature and G p is the atomic heat, i.e. 
specific heat multiplied by the atomic weight: 


Table V 


Abs. 

Temp. 

Specific 

Heat. 

C p. 

Abs. 

Temp. 

Specific 

Heat. 

C P . 



Copper 



138 

0-07760 

4-94 

301-6 

0-09230 

5-87 

149-5 

0-07942 

5-05 

330-7 

0-09305 

5-95 

171-4 

0-08235 

6-23 

340-5 

0-09387 

5-97 

204-9 

0-08593 

5 -40 

370-5 

0-09521 

6-05 

273-1 

0-090S8 

5-78 






Zinc 



145-5 

0-08421 

5-50 

323-6 

0-09412 

6-15 

211-1 

0-08898 

5-82 

370-5 

0-09521 

0-22 

273-1 

0-09176 

0-00 

390-5 

0-09570 

6-26 

294-0 

0-09205 

0-00 






Silver 



158-1 

0-05210 

5-62 

301-5 

0-05613 

6-05 

187-4 

0-05302 

6-78 

340-5 

0-05080 

6-13 

273-1 

0-05500 

0-00 

370-0 

0-05737 

6-19 



Cadmium 



108-3 

0-04907 

5-52 

301-5 

0-05554 

6-24 

181-8 

0-05287 

5-94 

327-0 

0-05016 

6-31 

273-1 

0-05475 

0-15 

370-8 

0-05714 

0-42 



Lead 



118-0 

0-02807 

5-94 

301-5 

0-03053 

6-32 

160-3 

0-02903 

0-01 

324-1 

0-03073 

0*36 

254-4 

0-02989 

0-19 

340-5 

0-03102 

6-42 

273-1 

0-03020 

0-25 

370-0 

0-03127 

6-48 


Sodium (Annealed 



123-3 

0-2466 

6-67 

273-1 

0-2829 

C-51 

165-2 

0-2580 

5-95 

305-9 

0-2910 

6-69 

179-3 

0-2610 

6-02 

322-4 

0-2952 

6-79 

210-6 

0-2707 

6-23 

340-9 

0-3019 

C-94 

270-6 

0-2826 

6-51 





Table V —continued 


Abs. 

Temp. 

Specific 

Heat. 

C ,,. 

Abs. 

Temp. 

Specific 

Heat. 

C P . 

373-9 

376-2 

390-1 

SODIU 

0-3234 

0-3232 

0-3217 

M (Mo 
7-44 
7-43 
7-40 

MEN StAI 

400-6 

411-6 

m) 

0-3205 

0-3189 

7-37 

7-34 


§ (11) Nernst and Ltndemann. 1 — These 
observers made a series of point to point deter¬ 
minations at very low temperatures, using a 
calorimeter developed by Eucken. 2 A piece of 
metal of suitable size was shaped into a hollow 
cylinder and a loosely fitting core made for the 
same. On the core was wrapped a platinum 
wire, properly insulated, to serve as a resistance 
thermometer and also as electric heater. The 
core was placed in the cylinder and paraffin 
poured into the crevices to improve the thermal 
contact (see Fig. 8). The whole was suspended 
in vacuo, and the specific heat over small 
temperature intervals 
determined from measure¬ 
ments of energy supplied 
electrically and of the 
temperature rise resulting 
therefrom. Nernst and 
Lindemann applied the 
same method to poor 
heat conductors. For 
such materials the design 
of calorimeter is shown in 
Fig. 9. The wire was 
wound on a silver tube 
projecting into a silver 
vessel, the high conduc¬ 
tivity of the silver assist¬ 
ing the equalisation of 
the temperature through 
the mass. Some of the data for pure 
metals obtained by Nernst are given in 
Table VI. 

§ (12) Coffer. —Harper 3 studied (i.) the 
specific heat of copper over the range 
15° to 50° 0. The specimen was in 
the form of copper wire, which also 
served as its own thermometer and | 
heater. The wire was 50 metres in TTrl; L T 
length and 2-5 mm. in diameter ; it : 
was compactly coiled into a number ; : 

of flat spirals separated by mica I • 

plates. The coil was suspended in W 
vacuo, and heated with a measured ^ Q 
quantity of energy supplied elec¬ 
trically, the resulting temperature rise being 
measured by the change of resistance. The 

1 Journ. de. Physique, 1910, [41, ix.; Sitzunyfiber. 
Perl. Akad., 1910, i. 247, 2G2; Ann. d. Phys., 1911, 
[4], xxxvi. 395. 

2 Physik. Zeitschr., 1909, x. 586. 

* Sci. Paper Bur. Stds.. 1914, No. 231. 



Fig. 8. 
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results of 27 determinations between 15° and 
50° are represented by the equation 

8 = 00917 + 0-000048(1 — 2a) 0 calories., 0 per 

gram degree. 

4-182 joules is taken as equal to one 20° calorie. 

(ii.) Comparison of Data by Various Ob¬ 
servers. —Harper 1 has tabulated the data given 
by various observers for the specific heat of 
copper. In order to compare the results at one 
definite temperature the coefficient 0-000044 
has been used in reducing results obtained at 


| This coefficient is the mean of those given by 
| recent observers employing electric heating and a 
point to point method as shown in Table VII. 


Table VII 


Observer. 

Coefficient. 

Calories per Gram Degrees. 

Gaede .... 

0-000040 

E. H. Griffiths and) 


Ezer Griffiths / 

0-000044 

Harper .... 

0-000048 


Table VI 

Nbknst’s Values at Low Temperatures 


A1 

T. 

32-4° 

35-1° 

83° 

8«° 

88-3° 



Cp 

0-25 

0-33 

2-41 2-52 

2-02 



Cu 

T. 

23-5° 

27-7° 

33-4° 

87° 

88° 



0-22 

0-32 

0-54 

3-33 

3-38 



Zn * 

T. 

40° 

G0° 

80° 

i 




<A 

1-77 

3-15 

4-09 




Ag 

T. 

35° 

39-1° 

44-2° 

52-0° 

05° 

77° 

85-3° 

c j> 

1-58 

1-90 

2-3G 2-85 

3-74 

4-07 

4-37 

Pb 

T. 

23° 

28-3° 

37-3° | 80° 

1 




0^ 

2-96 

3-92 

4-41 

5-G9 





‘itfuiu iiKiuiw miif jiuiu wits. 

figures have been obtained from the curves given in the paper. 


the various temperatures to the 50° C. value, 
the formula „ r , 

S = So + 0-000044< 


It will be observed from 
a comparison of the data 
given in Table VIII. (p. 
42) and shown graphically 
in Fig. 10 that there is 
substantial agreement 
between the results of 
observers using the elec¬ 
trical method both as re¬ 
gards the absolute value 
of the specific beat and its 
temperature coefficient. It 
is very improbable that 
there is any systematic 
error common to all since 
the three methods differ 
radically in detail. 

§ (13) Specific Heat 
op Gases by Electrical 
Methods. —The method 
of electrical heating for 
the determination of the 
specific heat of gases at 


different temperatures has been developed by 
Callendar and his associates. 

Gases present greater practical difficulties 



being assumed as valid for values of t from 
0° to 100°. 

1 Sci. Paper Bur. Stds., 19X4, No. 231. 


than either solids or liquids, since it is necessary 
to take great precautions to ensure uniformity 
of temperature in the gas stream 
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Table VIII 

The Specific Heat of Copper 
I Calc. 

IP Temp. Result. Value Re™ 

te - * at 50“. 


1817 Dulong and Petit 

1819 ” 

1831 Potter 
1834 Hermann 

1840 Regnault 


1850 Bede 


1804 Kopp 
1881. Lorenz 


0-100 0-0949 
0-300 0-1013 


Method of cooling. 

Mean of expts. over diff. temp, ranges. 

f Very pure Cu ; Hammered Cu 1-5 per 
\ cent lower than soft Cu. 

| Method of cooling. (Results considered 
I worthless by Regnault.) 

] Pure copper. Results expressed within 
- experimental error by the formula 
j c=0-0910 + 0-000046*. 

Commercial copper wire. 


1884 Tomlinson 
1887 Naccari 


1891 Zakrzewsld 

1892 Schiiz 
1892 Le Verrier 


1893 Richards and Frazier 
1893 Voigt 
1895 Waterman 
1895 Bartoli and Stracciati 
1898 Trowbridge 


1900 Belrn 


1900 Jaeger aud Diesselhorst 


1900 Tilden 


1902 Gaede 


17-99 0-0937 
17-171 0-093S 

17-253 0-0951 

17-321 0-0957 

-100-0 0-08514 
0-100 0-09217 
15-100 0-0931 
-78-15 0-0903 
0-390 0-104 
360-580 0-125 
580-780 0-09 
780-1000 0-118 
0-1000 

21-100 0-923 
23-100 0-09471 
15-100 0-0932 
23-100 0-0940 
-181-4-11 0-0868 

-186-18 0-0796 
-79-18 0-0883 


18° (0-091 0 ) 
100° (0-092,,) 


15-100 0-09232 


1903 Schmitz 


1904 Glaser 


- 190-20 0-0798 
-190-0 0-0793 
20-100 0-0936 

30-1005 0-10884 


('Mean from expts. in diff. temp, ranges, 
( c=0 •09008 + 0■0000648k 


.. Bunsen ice calorimeter. 

0-092., 

0-092g Copper wire. 


c=0-0939 + 0-00003556/. 

Very pure Cu, drawn. 

Very pure Cu. 

f Drawn copper, 0-5 per cent Sb and Ag. 

I Final result of those expts. and 
I others, not separately reported, 
[ c »>0-0913 +0-0000676/ - 0-0 (1 583/ a . 

( Very pure copper. Method (in principle 
a method of cooling) not suited to 
accurate measurements for good con¬ 
ductors. Results considered of no 
^ value by Jaeger and Diesselhorst. 
f 'Pure Cu, Expts. showing phosphor 
[ raises and tin lowers sp. lit. of Cu. 

/ Very pure copper. Electric heating, 

. point to point method. 

Results combined in formulas 
e ** 0 • 09 111 + 0-00005002( <-17) - 
^ 0-0 C 15B5(/-17) 2 within ±0-046 

per cent. 

C“0-09122 B +0-0000384(/-17) with¬ 
in ±0-09 per cent. 
vUnits, 17° caloric, hydrogen scale. 

I Very pure copper. 17-5° calorie, 
J hydrogen scale. 

/Pure copper. Procedure such that 
I error of 10 per cent quite probable. 
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Ta ble VIII— continued 


Year. 

Name. 

Temp. 

Result. 

Calc. 
Value 
at 50°. 

Remarks. 

1910 

Magnus 

15-100 

0-0933 

0-093„ 



„ 

15-238 

0-09510 



„ 

15-338 

0-09575 



1910 

Richards and Jackson 

- 190-20 

0-0789 


20° calorie, hydrogen scale. 

1910 

Schimpfl 

-190-17 

0-078G 


1 Copper 99-91 per cent pure. Results 



-79-17 

0-0880 


j expressed in formula c=Q-091996 + 

1910 

Nernst, Koref, Lindemann 

17-300 

0-0925 

0-092 

J 0 •0000457090(^-17) - 0-0 c 6066(«-17) a . 

2-22 

0-09155 

0-0932 

Calorie equal to 4-188 joules. 

1911 

Koref 

- 190-83 

0-0720 


) (Commercial drawn copper. Calorie 


Nernst and Lindemann 

-77-0 

0-0870 


1 equal to 4-188 joules. 

1911 

- 233° 

0-012* 


Calorics equal to 4-188 joules. 


?> ft 

-213° 

0-020* 



,, „ 

- 193° 

0-040, 




„ „ 

- 173° 

0-059 0 



1911 

Nernst 

— 249-0° 

0-0035 


) 


» 

-245-4° 

0-0051 


(Assuming ice-point=273 • 1° K.) 


» 

-239-7° 

0-0084 


j 1 -Electrolytic copper. In terms of a 


” 

-180-1° 

-185-1° 

0-052 

0-053 


caloric equal to 4-188 joules. 

1913 

Griffiths and Griffiths 

0° 

0-09088 

0-0931 

\ Yery pure electrolytic copper. Electric 


» » 

28-4° 

0-09230 

0-0932 

( heating, point to point method. 


» „ 

67-3° 

0-09387 

0-0931 

I Results expressed by formula 


» >, 

97-4° 

0-09521 

0-0931 

) c=0-09088 (1 +0-0005341*- 0-0 0 48f 2 ). 

(1914 

Harper 

15-50 

•• 

0-0929 

1 Results expressed by formula 

1 c =0-0917+0-000048(1-25). 


xmv » xu w. urn in raw wio ttuovo results lire expressed are not au cue same, but the differences need not 
J* \ ntt ? account m making comparisons. In every ease the difference between the unit employed and 
^ob‘ibl^expor?mcntal^crror° rie ( l from eaeh other by about one P art in a thousand) is less than the 


■ Callendar and Swann 1 applied the continu¬ 
ous flow method to the determination of the 
specific heats of air and carbon dioxide at 
atmosphere pressure at 20° C. 
and 100° C. 

■T-- 

m W - - 

(i.) The Apparatus .—In these 
experiments ^ a steady stream 
of gas was passed through a 
jacketed tube (the calorimeter 
proper), in which it was heated 
by a current of electricity pass¬ 
ing through a platinum coil of 
1 ohm resistance, the rise in 
temperature being measured by 
two 12-ohm platinum thermo¬ 
meters used differentially. 

The calorimeter is repre¬ 
sented diagrammatioally in 
Ky. 11, the heating coil and 
platinum thermometers being situated in the 
tube AB, which is jacketed by the tube J. The 
tube FG formed the heater in which the gas 
attained the desired temperature, and being 
double-walled could be steam-heated or water- 

1 Phil. Trans. A, 1910, ccx. 199. 



B. 

Fig. li. 


cooled. This tube was packed with tightly 
fitting discs of copper gauze. The gas under 
test entered at m, was heated up to the required 
temperature and entered the space round the 



o atmosphere through constricted 
oss of gas to escape; BB, towers 
11 and (JaCl*; 0, cotton wool dust 
pressure regulator: E, throttle; 
gauze to bring gas to the desired 
5 metal tubes for measurement of 


A, Teopieco open t 
opening to allow exe 
containing solid KO! 
filter; D, automatic 
E, tube packed with 
temperature; Q, fln< 
flow; M, oil gauge. 


calorimeter proper. It next passed through 
the tube n, into the calorimeter, and finally 
emerged by the tube p. 

The general arrangement of the apparatus 
will be understood from Fig. 12. 
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(ii.) Theory of Method.— If C is the electric current, 
E the potential difference between the ends of the 
heating coil, S9 the rise in temperature of the gas, Q 
the rate of flow of the gas in grammes per second, J 
the mechanical equivalent of heat, and S the specific 
heat of the gas at constant pressure, the elementary 
theory of the experiment gives 

ce=jsq 30+m, 

where li89 is a term representing the heat loss by 
radiation, etc. 

A similar experiment with a rate of flow about 
half the above value, and with the electric current 
adjusted so that the rise in temperature was about 
the same as before, gave a second equation, so 
that h could bo eliminated and S determined. 

The largest currents of gas through the apparatus 
were of the order of 0-5 litre per second. Tho rate of 
flow was kept constant by an automatic pressure 
regulator. It was measured by passing tho gas 
through 16 fine metal tubes arranged in parallel, 
and observing the pressure difference between their 
ends, the mean pressure, and the temperature. The 
expression giving the rate of flow in terms of these 
quantities was found by a series of experiments in 
which the gas was pumped into a reservoir of about 
50 litres capacity, and then allowed to discharge 
through the apparatus. By means of a special 
device, the times taken for certain quantities of gas 
to pass through the apparatus were recorded auto¬ 
matically while the gas was actually flowing, so that 
the initial fluctuations were avoided. 

The value of the electric current was obtained by 
measuring the potential difference set up at between 
the ends of a standard resistance coil in terms of 
cadmium cells. The heating effects of the leads of 
the heating coil were determined by experiments 
made under the exact conditions of the main experi¬ 
ments. 

The rise in temperature in the main experiments 
was about 5° C., and it was measured to 0-001° 0. 
Thus the specific heats were measured practically 
at single temperatures instead of over largo ranges. 

The validity of assuming tho heat loss for a given 
rise in temperature to be independent of the rate of 
flow of the gas was tested by experiment. The 
matter was also examined from a theoretical stand¬ 
point, and corrections were calculated and applied 
where the assumptions made in the elementary 
theory were such as to lead to errors of more than 
about one part in 10,000. Tho corrections were 
small, only amounting to one or two parts in 1000. 

Full details of various other precautions are 
given in the original paper, and. the mean, of a 
large number of observations gave the follow¬ 
ing results: 

Air 

0-24173 cal. per gram degroo at 20° C. 

0-24301 „ „ „ 100° C. 

Carbon Dioxide 

0-20202 cal. per gram degree at 20° C. 

0-22121 „ „ „ 100 ° 0 . 

The several determinations agree in each 
case to about 1-5 parts per 1000, and the mean 
results are probably correct to one part in 1000. 
The values of the specific heats obtained 


are greater by about 2 per cent than the 
corresponding values found by Regnault and 
by later investigators who have employed 
methods similar in principle to that of Re¬ 
gnault, but it has now been established that 
Regnault’s method gives values which are low 
by about this amount. 

§ (14) Specific Heat op Steam. —Brink- 
worth 1 developed the same method for the 
determination of the specific heat of steam 
at atmospheric pressure between 104° C. and 
115° G. 


(i.) Outline of the Method .—Steam is gener¬ 
ated in a boiler and tlienee led to one limb of a 
U-tube pressure regulator. The pressure of 
the steam forces the mercury down in this limb 
of the SJ-tube and up in the other limb in 
which the adjustment of the 
supply of gas to the large ring 
burner, used for heating the 
water in the boiler, is made. 
After passing the regulator the 
steam, now maintained at a 



d lt ch, and rf„ drains for condensed water. 


constant pressure, is led between the walls of 
the jacket surrounding the calorimeter proper, 
thence through a separator and a throttle into 
the space enclosed by the double-walled jacket, 
whence it passes down the calorimeter flow- 
tube to a condenser. During the passage of 
the steam through the flow-tube it is heated by 
means of an electric current passing through a 
platinum heating coil, and its temperature is 
measured on a platinum resistance thermo¬ 
meter. Another temperature measurement is 
made when the supply of electrical energy is 
cut off, and the difference between those two 
temperatures gives the rise in temperature of 
the steam. 

(ii.) Calorimetric Arrangements (Fig. 13).— 
The calorimeter proper consisted of a glass tube 
Y, about 50 cm. long, in which the heating coil 
C and the thermometer N were fixed. This 
tube was jacketed by another glass tube S, 
which enclosed the length occupied by the 
heating coil and thermometer. 

The calorimeter flow-tube and its surround¬ 
ing glass sheath were carried on a split rubber 
cork wound with omega tape and fixed, making 
a steam-tight joint, into a space enclosed by a 
double-walled brass jacket. The lower part 
1 Phil. Trans. A, 1915, ccxv, 383. 
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of this jacket communicates with a double- 
walled. side tube and the steam entering at E 
passes between the jacket walls to F, which 
communicates with the steam separator C. 
It then enters the inner portion of the side 
tube through the throttle T. This tube is 
tightly packed with gauze discs ; thence the 
steam passes up the tube S into the top of the 
flow-tube at P, and descending past the heating 
coil 0 and the thermometer N flows away into 
the condenser at L. 

On its passage through the tightly packed 
gauze discs in the side-heating tube the steam 
was heated up to the temperature of the jacket. 

In Fig. 13, which represents diagrammatically the 
arrangement thus described, it will be noticed that, 
the cylindrical space inside the double walls of the 
main jacket is divided into two compartments by a 
disc K. This disc of brass was soldered to the 
inner jacket tube about 5 cm. from the upper end. 
Its function is to prevent the steam in the tube 8 
from impinging on the rubber cork closing the upper 
end of the tube, and thus being cooled. 

Any slight cooling due to the steam striking the 
lower split cork is of no importance, since the steam 
would be warmed again during its passage up between 
the flow tube and the surrounding jacket. The whole 
of the jacket, the separator, and the connecting 
tubes were heavily lagged with felt. A novel feature 
of the apparatus is the “ spiral ” method of mixing the 
steam, in which use is made of a number of circular 
discs punched to fit the thermometer tube and then 
cut along a diameter, bent, and soldered together to 
form a continuous spiral 
round the thermometer 
(see Fig. 14). This 
method of mixing is 
found to bo a great 
improvement on the 
gauze method previ¬ 
ously employed. 

The usual eq uation 
for the continuous 
flow method is 
W)~.SQdf) + hdl), 
where EC! is the elec¬ 
trical energy sup. 
plied, S the required 
specific heat if ex¬ 
pressed in joules per 
gram Cl., Q the rate 
of flow of the steam, 
dd the rise of tem¬ 
perature of the 
steam, and MO is a 

term representing the 



Fig. 14. 


heat loss. If this loss is independent of the 
flow, then a linear relationship exists between 
the values of EC/Qdtf and I/Q. This is 
found not to be strictly the case, and another 
term depending on the flow is inserted 
in the fundamental equation which thereby 
becomes : EC = SQdfl + (h + k/Q)dd. By the 
employment of three rates of flow, ad¬ 


justing E in each case so that do remains 
the same, h and k can be eliminated and S 
measured. 

The. value obtained for the specific heat was 
0-4856 cal. per gram degree at 104-5° G. and 760 
mm. pressure; then, assuming 
a linear variation with tempera¬ 
ture as experimentally deter¬ 
mined, this corresponds to a 
value 0-4878 at 100°, both ex¬ 
pressed in terms of the calorie 
at 20 J C. 


h 


(iii.) Effect, of Impurities in the 
Steam. —Steam in the immediate 
neighbourhood of the saturation 
point is liable to carry small particles 
of water in suspension, which can¬ 
not be evaporated completely by a 
moderate degree of superheat if 
any impurities, such as salt in myi hi m t , 

solution, are present. Since 1 mg. Hill 

of water requires more than half in nrrii n 

a calorie to evaporate it, and the ImlnlllirB 

heat required to raise the tem¬ 
perature of 1 gram of steam 10° ('. ||||| J|||JJ^0 

is only 5 calories, it is necessary 
that the initial steam should not 
contain ^ more than I in 100,000 of 
water if the specific heat is to be 
found correct to I in 1000 over a 
range of 10° 0. 

Tlic rise of the boiling-point 0 
produced by x gram-molecules of 
salt per gram of water is approxi¬ 
mately 1000a: 0 C. The proportion 
of suspended water remaining un¬ 
evaporated at any degree of super- 
beat O' will bo JOOO.r/7/'. The 
quantity evaporated in heating 
the steam from O' to 0" will be 
1000 x(O"~O')j0'O". This will pro¬ 
duce an apparent increase of 
the mean specific heat of the 
steam over the range 8"-O' equi¬ 
valent to UmiT/O'd", where L p I0 . 15> 
is the latent heat of evapora¬ 
tion. It was found that this extremely simple and 
convenient reduction formula fitted* the results 
obtained over different ranges of temperature with 
extraordinary precision, and reconciled apparent 
discrepancies which had previously been attributed 
to errors of observation. 

§(15) I ^termination of tub Specific! 
Heat of Air and other Gabes at Room 
and Low Temperatures by the Co.ntusu- 
ous Flow Electrical Method.— School and 
I-leuse have determined the specific heat of 
air and other gases at +20°, - 78°, and -183° 
by the continuous flow method. The air was 
directed in a steady stream through a pipe in 
which it received a known amount of heat by 
means of a heating coil. 

fig. 15 shows the glass calorimeter in the 
form in which Seheel and Hcuse used it. The 
1 Ann. d. Phys., 1012, xxxvii. 79, " 
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gas, which is brought to a steady temperature, 
enters the calorimeter from below and flows 
through a spiral, then through two glass jackets 
C and B, and finally reaches the inner tube A 
which contains the heating 
coil. The temperatures of 
the in- and outflowing gases 
are determined by the re¬ 
sistance thermometers P x 
and P 2 . The whole is sur¬ 
rounded by a vacuum and 
a glass jacket silvered inside 
and is contained in a bath 
at constant temperature. 
As the air at first flows 
through the jackets C and 
B before it reaches the real 
calorimeter, it absorbs the 
greater part of the heat 
given off to the inner vacuum 
according to the principle of 
counter current and thus 
assists the insulating action 
of the jacket. This greatly 
reduces the loss of heat, 
but does not entirely pre¬ 
vent it. The temperature of the outflowing 
gas is measured in the transverse section M. 

The heating coil is shown in Fig. 16 and 
consists of constantan wire K and is wound in 
two sections on a glass pipe. 

Table 


In order to distribute the heat equally the wires 
are bound together and wound round the fine copper 
gauze Gj. at far as space permits. The wire coils are 
supported above and below by perforated ivory 
strips E x and E,. In order to mix the gas thoroughly, 
the packing of copper wire gauze G a is introduced 
above the coil, which in its turn is fastened with an 
ivory strip E 2 . The wires which conduct the current 
to tlie heating coil are led. up through the inner glass 
tube and connected above E s with the wires to the 
source of the current and to the .voltmeter. Hie 
heating coil and apparatus for mixing are contained 
in a brass pipe M x which fits into a second brass 
pipe M 2 . M 2 is fastened with sealing-wax into an 
annular"groove on the inner pipe A. 

When worldng at room temperature the 
calorimeter was placed in a large water bath 
well stirred. At low temperature, on. the other 
hand, it was placed in a vacuum vessel which 
contained a mixture of CO., snow and alcohol, 
or liquid oxygen. In each case the gas, before 
entering the" calorimeter, passed through a pipe 
which was contained in the same bath as the 
calorimeter. 

The same investigators, 1 when studying 
helium and some other rare gases to low tem¬ 
peratures, modified the apparatus so as to 
employ a closed circuit. 

The results they obtained are summarised 
in Table IX. They also calculated out the 
corresponding values for the ideal gas state; 

1 Ann. d. Plm., 1013, xl. .173. 

IX 



Fig. 16. 


Temperature. J 

1 

Cp in Watt- j 
Secs, per Gram 
Degree. 

Cn in Grain 
Cal. at 15° per 
Gram Degree. 

C P . 

Cv. 

Ch*G. 

OlfO. 

7c. 

h. 




Helium 






-1- 18 

6-278 

l-26 0 

4-993 

mm 

4-993 | 

3-008 




6-22 

l-24 5 

4-934 

2-949 

4-934 

2-94.9 

1-G73 

1-673 



Hydrogen 






+ 16 

14-26 

3-403 

6-860 

4-875 

6-860 

4-875 

1-407 

1-407 

- 76 

13-23 

3-157- 

0-365 

4-379 

6-364 

4-379 

1-453 

1-453 

-181 

. 11-08 

2-644 

5-330 

3-338 


3-335 

1-697 

1-595 



Nitrogen 





+ 20 

1-044 

0-249, 

6-983 

4-989 

6-969 

4-984 

1-400 

1-398 

-181 


0-255(5 

7-162 

4-879 

6-718 

4-733 

1*468 

1-419 



' 

Oxygen 







0-914 


6-98* 

4-98 8 

6-97,5 

4-985 


1-398 

- 76 

0-898 

0-214 

6-86 

4-84 

6-81 

4-83 

1-416 

1-411 

-181 



7-30 

5-04 


4-91 

1-447 

1-404 



Air (free from C0 2 ) 





A;: 


0-240 8 

6-905 

4-972 

6-953 

4-908 

1-401 

1-400 

- 76 

H 

0-243 0 

7-04 

5-02 


5-01 

1-401 


-181 

1-046 

0-249 0 

7-23 

4-99 


4-86 


H9 



Carbon Monoxide 





+ 18 

1-048 

■ 

7-006 




I 1-398 

I 1-396 

~1S0 2 



7-244 


6-743 

4-758 

1-472 

1-417 


.j 


Where C,*, and C M are calculated values, k and k 0 the ratios C P /G V and Cpo/Ovo respectively. 
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these results are inserted for comparison along¬ 
side the others. 

The values at constant volume are obtained 
from the experimental numbers at constant 
pressure by means of the expressions deduced 
by a combination of 
the ordinary thermo¬ 
dynamical equations . )! 

with D. Berthelot’s J| 

equation of state. Jr 

§ (16) Variation op Tr 

the Specific Heat op 
Air with Pressure mwmhJL 

over the Range 1 to I P 

1200 Atmospheres. — i—-|L 

In 1914 Holborn and Mine Pump r fe 

Jacob 1 made a new ^' wculatin 'J 011 ~ ' ' TT J| 
series of measurements llJffi 

of the specific heat of „ ^ - j 10 

air high pressures by an for oil emulation \\P/ 

electrical method. The u f/ 

calorimeter employed is M l 

shown in Fig. 17. The J 

castings used in this n I 1 

construction were made [ j f 

of nickel steel of high , I 

tensile strength. The I 

air enters the calori- f j 

meter at the bottom * J| 

through a small spherical I (J J o,l 

piece e 1 and leaves at 
the top through a similar 
arrangement c 8 . Be- ft 

tween these two points I g JByl 

there is a nickel steel ' I jBp T 

pipe c 5 with semicircular I jrlk' 

ends c ;j and c ti , into J 

which the wide pipes c 2 ^ 
and c 7 lead for the f ^ 

entrance and exit of the i 

current of air. Con- L > ~A_J 

nections between the ' (, ^ M 

various pipes are made J 

by flanges fitted with 
packing rings. 

A heating coil q 1 VJj Hl 

through which the air 
flows is enclosed within 
the pipe c s ; from here 
the air passed through 
the annular spaces 4 and 

h> its direction being 1 

changed twice before it ^-- 

leaves the calorimeter. 

The spaces 4 and 4 
are enclosed within three nickel walls. The 
direction of the air current is indicated by the ’ 
arrows in the figure. , 


arrows. The oil can be heated when desired by 
means of the resistance coil q u . d is a steam jacket 
surrounding the calorimeter and the exit pipe 
leaving the entrance pipe quit® free.. This latter 
pipe is protected against heat loss by a wrapping 

Lead to heating coif 
j m oil circulation 


jslJM 



/ I I i hueular space through 

| I fi which oil is circulated 


fjTt —__ ^ utu:s 1 1 1 electrically heated 

9 ' i_l—o = H through which gas flows 


Atr stream shown thus 
Oil „ „ 


loads to Heating Coil 
i. pausing through Insulating BuShcs 


. Tlie outer . s P aco °f the calorimeter is also divided 
into two cylinders o, and o a , through which oil from 
tlie small turbine r is driven in the direction of the 

1 Zeitschr. Vereines Deutsck. Ing., 1914 , lvlii, 1429. 


of twisted silk and from the action of tho incoming 
air by a glass pipe inserted in it. The heater q. 
consists of a group of 00 split nickel tubes about 
4 mm. inner diameter and 4 -5 outer diameter. These 
are fastened to two porcelain plates and are hold 
together, one behind the other, by clips. Tho air 
passes through and around tho tubes; current is 
supplied to this heater by wires insulated with glass 
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beads. In the diagram the black 

metal and the shaded parts insulating mate .. . 

The results at a temperature of u9 are 
represented by the empirical formula 

10rCii) = 24l3 + 2-86 p + 0-0005p a - 0-00001^, 

where p is the pressure in cific 

The value 0-2413 obtained for the speciuo 
heat at 59° and one atmosphere pressure 
agrees very satisfactorily with those obtamed 
hv Swan 02412 at 20°) and Scheel arid Ileuse 
P24X)9). It of course differs from Begnault s 
1 nrhirh is now Icnown to bo low. 

Tld followingtable gives tile values — 

rtTa£“e-« ieasuted in 
gram per sq. cm.: 


Table X 


Holborn and Jakob. 


(Ohs.) 

(Calc.) 

•2413 

•2415 

-2416 

•2490 

•2485 

•2554 

•2550 

•2690 

•2694 

•2821 

■2819 

•2925 

•2925 


Joule and 
Thomson. 

Vogel. 

•2481 

■2480 

•2557 

•2543 

•2721 

•2664 

•2919 

•2770 

■3150 

•2853 


For comparison purposes the results of 
Lussana and the values calculated ^ 0 

throttling experiments of ' ° an(1X ^ : tpd ; 

Voo-el (1911), and Noell (1913) aio imeireu. 
These were obtained from Linde s formula 

Cj> = Co ( l "rf T )’ 

where O 0 is the specific heat at pressure 0 and 
S the cooling when the pressure is tetlucec y 
throttling from p to a vanishingly smaU value. 

CALORIMETRY, METHODS BASED ON 
THE CHANCE Oh SI AIL 
§(1) The Method.— In this dass of cidon- 
metric appliances the quantity of hm 
measured is determined in terms of «iy oi 
of the following: (i.) The mass of mo melted, 
(ii.) steam condensed; (in.) liquid hydio to u 
or oxygen vaporised. 

Such measurements do not require an 
accurate measurement of smaU tompcmiture 
changes of the calorimetric fluid, and taking 
into consideration the state of thermometry 
half a century ago when this method was 
introduced, this fact was unquestionably ut 
real advantage. Further, the temperature ol 
the surrounding atmosphere can have be¬ 
little effect upon the indications ot the 
calorimeter since the initial and final tempera¬ 
tures are the same. In recent years calori¬ 


metric thermometers have been so highly 
developed that the measurement of small 
temperature changes presents no — 

difficulty, and the technique of temperature 
control of the jacket has been greatly iacih- 
tated by the use of electrical heating, so that 
the inherent difficulties associated with the 
method of calorimetry now under considera¬ 
tion more than counterbalance the advantages 
co^uontly.it is very little used 

at the present day. T , 

The Bunsen ice calorimeter and the Jcly 
steam calorimeter are classical examples of 
this method of calorimetry. , . . 

Dewar has applied the same pm^iple 
in suecifio heat determinations at very 
low temperatures, and obtained data con¬ 
cerning the mean specific heat of materials 
1 ° between liquid hydrogen and 

___liquid nitrogen temperatures. 

„ , Nr s (2) Bunsen’s Ice Oalori- 

\°gel. hot • M i.yrmK-—In this instrument the 

--- - gi verl out by a body in cool¬ 
ing from some, higher tempera- 
'' ture to 0° 0. is obtained by 
.go ••1493 observing the contraction which 
•2543 -2508 takes place in the change from 

.2004 -2701 ico to water produced by the 

■2770 -2812 heat given by the body. 

■2853 -2893 The observed volume change 

J- j a converted into calories by 

assuming a value for the constant of the 
ice calorimeter, ij. the mass of mercury drawn 
into the instrument by the addition of one 
mean calorie of heat. 

Numerous determinations of this constant 
have been mado and the values are summarised 

in Table I. Table I 


Authority. 

I BuuHcn . 

Schuller arid \ 
Wartha • I 
Than 
Velten 

Zakr/evBki 

Staub 
Dicterici . 
Griffiths (K«er) 


Reference. 


Phil. Mag., 1871, xli. 
WmL Ann., 1877, ii. 

dkiin. Bcr., 1877, x. 
Wind. Ann,, 1884, xxi. 

I Bull, llAcad. Cracovin, 
\ 1891. 

I 1 1 mug. .Dish. Zurich, 
1 1890. 

A mi, Phi/N,, 1905, xvi. 

/ Priic. Phi/, doc. London, 
\\ 1913, xxvi. I. 


~lt might be remarked that many of the above 
values are based on observations of the beat 
imparted to the calorimeter by a small quantity 
of water contained in an envelope whose thermal 
capacity was comparable with that of the contained 
water. Since in the majority of eases no attempt has 
been made to vary the conditions and thus detc 
systematic errors, all the values are not entitled to 
the same weight. For example, the figure given by 
Bunsen is the mean of two experiments repeated 
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under precisely similar conditions: the glass envelope 
weighed 0-2 gm., contained 0-3 gm. of water, and a 
platinum sinker (weight 0-5 gm.) was also attached. 

Dieterici varied the quantity of water from 0-6 
gm. to 2 gm., and consequently his determination 
is .entitled to greater weight than the others. 
■^Griffiths’ value was obtained by supplying a known 
quantity of heat measured as electrical energy. The 
heat was supplied by a manganin coil wound on a 
mica rack which fitted the interior tube of the 
calorimeter (see Fig. 2), and the results are based 
on the electrical units of E.M.F. and resistance. The 
conditions were varied. Thus the rate of energy 
supply i n the fastest experiments was more than 
seven times that in the slowest, and the probable 
error by the method of least squares was less than 
0-1 per cent. 

Bunsen employed his ice calorimeter to 
determine the latent of fusion of ice as follows : 

Known weights of water at a known boiling 
temperature were introduced into the inner 
tube of the calorimeter and the contractions 
observed. 

In a separate experiment a known weight 
of ice at 0° 0. was contained in a bulb, the 
rest of the space being filled with mercury. 
The ice was melted to water, the temperature 
being maintained at 0° C. Mercury was drawn 
into the bulb to occupy the space left by the 
ice in melting, and from the additional weight 
of mercury the contraction was obtained. 
He found that the melting of 1 gram of ice 
caused a contraction of 0-0907 c.c. 

From the results of the two sets of experi¬ 
ments he calculated the latent heat of water 
to be 80-025 calories, which is 0-3 per cent 
higher than the value obtained in recent 
direct determinations. 

The method is not a good one for determin¬ 
ing the latent heat of water, since the calcula¬ 
tions depend on the difference of the specific 
volumes of ice and water. 

§ (3) Bunsen’s Calorimeter and its 
Modifications, (i.) Description. — A cylin¬ 
drical test-tube A is fused into a larger glass 
bulb B, as shown in Fig. 1. The bulb B is 
furnished with a glass stem CD, which termin¬ 
ates in an iron collar D. This stem is filled 
with pure boiled mercury, which occupies 
the bulb to the level (i. The remainder of 
the bulb above fi is filled with pure boiled 
water. A calibrated narrow glass tube S, 
furnished with a millimetre scale, is fitted 
into a cork with fine sealing-wax, and then 
passed through the mercury in the collar D, 
and made fast in the mouth of the tube CD, 
so that it becomes filled with mercury; and 
by adjusting the cork in the mouth of the 
tube CD the extremity of the mercury column 
in the scale tube S can he placed at any 
convenient, point. By methods, which are 
described in most text-hooks on practical 
physics, a mantle of ice is formed around the 
lower part of the tube A, 


(ii.) Precautions in Use. —In the original 
manner of performing the experiment the 
instrument, as described above, was placed 
in a vessel containing pounded ice or snow, the 
top of the tube A and the tube S alone project¬ 
ing above the ice. It is, however, generally 
found that there is always a small difference 
in the freezing-point of the ice in the instru¬ 
ment and that of the ice outside. If the 
temperature of the outside ice is higher, then 
there will bo a slow melting of the ice in the 
instrument, which will cause a continuous 
creep of the mercury meniscus towards the 
instrument. If the freezing-point of the 
ice outside is lower than that of the ice in 
the instrument, then there will be a slow 
freezing of the water, causing the meniscus 
to creep away from the bulb. 'This creep 

generally .. 

amounts to 

2 or 3 centimetres per 
hour, and is sufficient to 
make it very difficult '¥§§) 
to obtain trustworthy 
measurements. A slight 
addition to the instru¬ 
ment will almost elimin¬ 
ate the creep, reducing 
it to about a tenth its 
normal value. This ad¬ 
dition, suggested by Boys, 
consists in placing the 
instrument in an empty 
vessel, the top of which 
is closed by a cork through 
which the tubes A and S 
pass. This vessel is sur¬ 
rounded by the pounded 
ice. Owing to air being 
a bad thermal conductor, 
heat can now only very 
slowly pass between the instrument and the 
surrounding ice. Another method of securing 
the same conditions has been employed by 
Oallondar, who constructed the bulb B in 
the form of a vacuum vessel. The vacuum 
being a worse conductor of heat than air, the 
passage of heat from the surrounding ice to 
the instrument is in this way reduced yet more. 
When this device is used, the process of cool¬ 
ing the instrument down to zero will take a 
considerable time, unless a stream of ice-cool 
water is passed through the tube A. 

The writer adopted the plan illustrated in 
Fig. 2, which shows the instrument as set up 
for the determination of the constant of the 
calorimeter by the electrical method. The 
calorimeter is suspended within a transparent 
cylindrical vacuum vessel, the mouth of which 
is closed by a rubber cork as shown. 

(iii.) Variable Density of Ice .—The objection 
most frequently quoted against the use of 
the ice calorimeter for work of precision is 



Fig. j. 




50 CALORIMETRY, METHODS BASED ON THE CHANGE OF STATE 




that the density of ice is not a constant 
quantity. 

The experimental evidence on this point is 
briefly summarised below: 

Nichols 1 reviews the work of previous investi¬ 
gators on the density of ice and describes his own 
experiments. He concludes that the density of ice 
mantles, determined by weighing in petroleum, is 
0-91615 + 0-00009. This result agrees with the mean 
value deduced from different methods by Pliicker 
and Geissler, Kopp and Bunsen (for a similar variety 
of ice) to four places of decimals. 

His experiments on the causes of the variations 
in density of artificial ice were not completed. The 
method was to freeze the ice mantle around the inner 
tube of a calorimeter by pouring in a mixture of C0 2 
and ether. The unfrozen water was shaken out as 



completely as possible, and the adhering water 
frozen, the remaining space being then completely 
filled with mercury. The weight of the mercury, 
together with that of the ice, gave the data for the 
computation of the density of the ice mantle. 

Although the results were consistent among them¬ 
selves the absolute value was subsequently found to 
beerroneous on account of the deformation of the glass 
vessel under the weight of the contained mercury. 

Nichols at first thought the discrepancy—amount¬ 
ing to 1 per cent—between his value and Bunsen’s 

1 Phys. Rev., 1899, viii. 


was due to the much lower temperature at which the 
mantle was formed in his own experiments. He 
therefore made some determinations with mantles 
frozen by means of alcohol at — 5° to — 10° as refriger¬ 
ant in the manner devised by Bunsen. The measure¬ 
ments appeared to indicate that the mantles formed 
bv the use of alcohol at - 5° to - 10° were less dense 
than those formed by means of CO s and ether at 
- 70° by at least 1 part in 1000, and further that one 
of the latter mantles decreased in density by nearly 
this amount after standing 24 hours in an ice bath. 

The use of C0 2 and ether respited in a very rapid 
formation of ice, and the mantle, when a certain size 
was reached, invariably became filled with a network 
of fine cracks. 

Vincent 2 later took up the subject, and also in¬ 


vestigated the coefficient of cubical expansion of ice. 

He prepared the ice by means of a freezing mixture, 
and appears to have obtained a different density 
for each sample prepared. Tabic II. summarises all 
bis results: 

Taut. v TT 


Experiment. 

Density Ice 
at 0°. 


1 

0-916335 

3 

2 

0-915460 

2 

3 

0-916180 

2 


f 0-915540 

1 

4r 

\_0-91G060 

2 

Weighted mean 0-9160 



His values for the coefficient of expansion of the 
above samples are consistent, and no connection 
between variation in density and expansion can be 
traced. Vincent’s mean value for the density is 
1 part in 5000 less than the mean of the results of 
Thicker and Geissler, Bunsen and Nichols. 

The experiments of Ledue in 1906 suggest one 
cause of the variations in density which had been 
observed by previous workers. Leduc took extreme 
precautions to get rid of all traces of dissolved 
air in the water used for manufacturing the icio 
samples. He condensed the steam from boiling 
water under oil to obtain air-free water. 

The results of these experiments indicated that 
the density of ice at 0° was not less than 0-9172, 
and as greater efforts were made to remove traces 
of gases the values obtained for the density in¬ 
creased. He concluded that the density of gas- 
free ice at 0° would probably be 0-9170. 

It is of interest to note that Leduc considers that 
ice made from water which has been merely boiled, 
as in the ease of the Bunsen calorimeter, still con¬ 
tains about 1 c.om. 1 of gas per litre at atmospheric 
pressure. 

Another possible cause of the variations in density 
is the strains set up in the ice block on formation 
and which disappear in the course of time. 

§ (4) Joly’s Steam Calorimeter, (i.) The 
Method .—In the steam calorimeter devised by 
Joly 3 in 1886 the heat necessary to raise the 
temperature of a body from the air temperature 
to 100° is measured by determining the weight 


3 Phys. Rev., 1902, xv. 

3 Proc. Roy. Soc., 1880, xli. 352. 
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of steam which must be condensed into water 
at 100° to supply this heat. 

The instrument, especially in its -differential 
form, has been found very useful for special 
purposes. But the experience of most users 
indicates that the condensation method is 
more troublesome to use than the method 
of mixtures for the determination of the 
specific heats of solids and liquids. In the 
hands of Joly, however, the steam calorimeter 
has produced data of fundamental importance 
concerning the specific heat of gases at constant 
volume. 

One disadvantage of the condensation 
method is the fact that less than 2 milligrams 


becomes at once filled with saturated vapour. 
Condensation immediately begins on the sub¬ 
stance and the resulting water is caught in the 
pan, weights being added to the other pan of the 
balance so as to restore equilibrium. During 
the process of weighing, the steam is passed 
through very slowly (by opening an escape 
tube leading from the boiler) into the calori¬ 
meter, so as to avoid disturbance of the pan. 

After four or five minutes the substance 
has generally attained the temperature of the 
steam, and the condensation is completed. 
I he pan then ceases to increase sensi bly in 
weight, and the equilibrium of the balance 
is maintained permanently. A very slow 



of water is deposited per calorie, and conse¬ 
quently it necessitates accurate weighing. 

(ii.) The Apparatus .—-The simplest form of 
Joiy’s apparatus consists essentially of a 
steam chamber of thin metal in which is 
suspended from the arm of a balance a small 
platinum pan (Fig. 3), carrying the substance 
under tost. 

Steam can be turned on to this chamber, 
as indicated, and escapes through a pipe at the 
base. 

It is essential to arrange the inlet valve so 
that the steam can be admitted rapidly for 
reasons which are explained later. 

(iii.) Method of Experiment .—The substance 
is weighed with air in the chamber and the 
temperature carefully noted. Steam in the 
meantime is got up in the boiler, and is 
suddenly admitted, so that the whole chamber 


increase of three or four milligrammes per 
hour (duo to radiation) is, however, noticed. 
Let 0 2 bo the temperature of the steam and 
L its latent heat. If w is the increase of 
weight the quantity of heat given out by the 
condensation is wL, and this is expended in 
raising the substance and the pan from 0 t to 
0,>. If W be the weight of the substance, and 
s its specific heat, the heat acquired by the 
substance will be 'Ws(0 ii ~B 1 ), and that 
acquired by the supporting pan will be 
/c(<9 2 - Of), where h is the thermal capacity of the 
pan, that is, the quantity of heat necessary 
to raise its temperature 1° 0. Hence we have 

w s(e i -e l )+ic(o 2 -e 1 )=w'L. 

The quantity k is determined by a previous 
observation, and the temperature is found 
either directly, by a thermometer inserted in 
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the steam-chamber, or by means of Regnault’s 
tables and a reading of the barometer. 

For extreme accuracy a small correction is still 
nccesaary. The weight W of the substance is found 
in air at 6 X , and the weight w is found when the 
substance and pan are in steam at 0 g . The weight 
of steam per cubic centimetre at 100° is little more 
than half that of air at ordinary temperatures; for 
this reason the weight to is greater than the weight 
of vapour condensed by excess in weight of a volume 
v of air at 6 X over the same volume of steam at 
where v is the volume of substance and pan together. 
The difference of weight of a cubic centimetre of air 
at 15° C. and a cubic centimetre of steam at 100° is 
•000036 gram, according to Regnault; hence the 
correction to be applied to w is -000036r. 

This correction being applied, the weight of 
water condensed is determined, but it must be 
remembered that the weighing is made in steam; 
and, if extreme accuracy be desired, it is still 
necessary to multiply by the factor 1-000589, 
in order to reduce the weighing to vacuum. 
The actual weight in a vacuum of the water 
condensed will therefore be 

l-000689(w-0-000636u), 
so that s is determined from the equation 
(Ws+ k)(0 t - 9,) = l-000589(w-0-000636e)L. 

Reference should be made to § (6) of the 
article on c< Latent Heat ” for values of L. 

In order to avoid the condensation of steam on the 
suspending wire, where it leaves the steam chamber, 
it passes, not through a small hole in the metal, but 
through a small hole pierced in a plug of plaster of 
Paris. Without the plaster the steam condenses on 
the metal and forms a drop at the aperture through 
which the suspending wire passes, and destroys the 
freedom of motion of the wire and prevents accurate 
weighing. With the plaster of Paris plug no such 
drop collects, and the weighing can be performed 
with accuracy. In his later experiments, Professor 
Joly placed a small spiral of platinum wire around 
the suspending wire just outside the aperture, and 
by passing an electric current through the spiral, 
sufficient heat is produced to prevent condensation 
on the suspending wire in the neighbourhood of the 
aperture. Besides accuracy in weighing, a point 
of prime importance is the rapid introduction of the 
steam at the beginning of the experiment. When 
the steam first enters the calorimeter, partial con¬ 
densation occurs by radiation to the cold air and the 
walls of the chamber. Some of the condensed 
globules may fall upon the substance and lead to an 
error in the value of s. If the steam enters slowly 
this error may be largo, and it is therefore important 
to fill the chamber at once with steam. This 
necessitates a good supply of steam and a large 
delivory tube, but when the chamber is well filled 
with steam a very gentle afterflow suffices. If the 
steam supply be cut off, the weight of condensed 
vapour slowly diminishes. This arises from the 
distillation over to the colder walls of the chamber, 
and if the steam be again turned on the weight 
increases. 

The error arising from the deposition of condensed 


globules on the pan during the initial stages of the 
experiment is somewhat counterbalanced by radia¬ 
tion from the steam to the substance. 

§ (5) The Differential Steam Calori¬ 
meter for the Determination of Specific 
Heats of Gases at Constant Volume. —In 
the differential 1 form of the steam calori¬ 
meter the correction for the weight of steam 
displaced by the pan is eliminated. In this 
form (Fig. 4) two similar pans hang in the 
steam chamber, one suspended from each 
arm of the balance so as to counterpoise each 
other. The thermal capacity, of the • pans 
can be made equal, so that the term with />; 
as a coefficient does not appear in the equation, 
and the radiation error will also disappear, 
as it will cause equal condensation on the 
two pans. 

The chief use of the differential form is, 
however, its application to the calorimetry of 
gases. For this purpose the pans are replaced 
by two spherical shells of copper, one contain¬ 
ing the gas at a known temperature and the 
other empty. The spheres are furnished with 
small pans, or “ catch-waters,” to collect the 
water resulting from condensation. Greater 
condensation occurs on the sphere which 
contains the gas, and the excess gives the 
quantity of heat required to heat the contained 
mass of gas from to A. This determines 
the specific heat of the gas at constant volume. 
The great advantage of the differential calori¬ 
meter is that any source of error common 
to the two spheres is eliminated, and the 
gas or other substance enclosed in one 
of them merely bears its own share of error 
and not that also of the containing sphere. 
Thus the effect is practically the same as if 
the gas were contained in a vessel of zero 
thermal capacity in the single steam calori¬ 
meter form. 

The spheres employed by Professor Joly 
were of copper and about 0-7 cm. in diameter, 
the one containing the gas being made to 
stand a safe working pressure of about 35 or 
40 atmospheres. If at the beginning of the 
experiment this space is filled with air at about 
22 atmospheres at the pressure will rise 
to about 30 atmospheres at G 2 . In one ex¬ 
periment 2 the weight of air contained was 
4-2854 grams. The condensation observed as 
due to the air was 0-15217 grams. This 
required a correction to compensate for the 
difference in weight of the spheres. The 
corrected value was 0-11629, the range of 
temperature, 6>, - 9 V being 84-52° 0. In a 
series of six experiments the mean precipita¬ 
tion per degree centigrade was 0-018004. 

The following corrections are also necessary : 

(a) Correction for the thermal expansion 
of the vessel, and the consequent work done 

J. Joly, Pm. Roy. Soc., 1889, xlvii. 218. 
a Phil. Trans. A, 1891, clxxxii. 98. 
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by the gas in expanding to this increased 
volume. 

{b) Correction for the dilatation of the 
sphere under the increased pressure of the 
gas as the temperature rises. 

(c) Correction for the thermal effect of 
stretching of the material of the sphere. 
(Wires are generally cooled by sudden exten¬ 
sion, but the cooling of the copper in this case 
is too small to merit consideration.) 

(d) Correction for displacement or buoyancy 
arising from the increased volume of the 


0-1721. For carbon dioxide, the change with 
pressure is shown by the fallowing table: 


Table III 


Pressure in 
Atmospheres. 

Density, 

a. 

7-20 

0-011530 

0-16841 

12-20 

0-019950 

0-17054 

16*87 

0-02S498 

0-17141 

20-90 

0-036529 


21-66 

0-037802 

0-17386 




sphere, both in the air at 6 l and in the steam 
at 0,,. 

(fi) Correction for unequal thermal capacities 
of the spheres. 

(/) Reduction of the weight of the precipita¬ 
tion to vacuum. 

Professor Joly’s experiments show that in 
the case of air and carbonic acid the specific 
heat increases with the density, but with 
hydrogen the opposite seems to be the case. 

For air the specific heat at constant volume 
at a mean pressure of 19-51 atmospheres, and 
a mean density of 0-0205, was found to be 


The mean result of the experiments on 
hydrogen gives a specific heat 2-402. 

§ (6) Dewar’s Liquid Air and Hydrogen 
Calorimeter. —Dewar 1 has devised a calori¬ 
meter based on an analogous principle to the 
steam calorimeter in which he employs one of 
the liquefied gases as calorimetric substance. 
Whilst Joly’s calorimeter depends upon con¬ 
densation on a cold object, Dewar’s calori¬ 
meter depends on the evaporation as a means 
of absorbing heat from the hot object. Instead 

1 Proc. Roy. Soc. A, Ixxvi. 325 ; Roy. Inst. Proc., 
1904, xvii. 581. 
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of weighing the quantity of gas evaporated, he 
determines the volume of gas given off from 
the liquid which, of course, is at its boiling- 
point. Now the choice of liquefied gas to be 
employed as calorimeter substance is deter¬ 
mined mainly by two considerations : 

(«) The quantity of gas given off by 
evaporation on the absorption of one calorie 
of heat, and 

(b) The range of temperature available 
through which substance is cooled. 

The table below summarises the data for 
some of the possible gases : 


It will he observed that oxygen gives off 
13-2 c.c. per calorie whilst ethylene gives 
only 7. Hydrogen gives off 88-9 c.c. and is 
particularly advantageous but for the fact 
that the manipulation is difficult. Although 
nitrogen is a little better than oxygen, it is 
preferable to use the latter for the following 
reason. The boiling-point of air is below that 
of oxygen. Even if there is no layer of cold 



oxygen or gas on the surface of the liquid 
oxygen, the air coming in contact with, it 
through the neck of the calorimeter would 
still remain gaseous; but if liquid nitrogen 
is used as calorimetric substance, air, being 
heavier than nitrogen but having a higher 
boiling-point, would, in falling down the neck 
of the calorimeter, come in contact with the 
cold gaseous nitrogen and be condensed. 

§ (7) The Liquid Oxygen Calorimeter.— 
It consists essentially of a large vacuum 
vessel A (Fig. 5) capable of holding two or 
three litres, into which is inserted the calori¬ 
meter, a smaller vacuum vessel B of 25 to 


50 c.c. capacity, which has been sealed on to 
a long narrow tube G, projecting above the 
mouth of A, and held in its place by some 
loosely packed cotton-wool. From the side 
of this narrow tube, either before or after 
passing out of A, a branch tube E is taken off 
to enable the volatilised gas from the calori¬ 
meter to be collected in the receiver F, over 
water, oil, or other suitable liquid. To the 
extremity of the projecting tube G a small 
test-tube C, to contain the portions of material 
experimented on, is attached by a piece of 
flexible rubber-tubing D, thus forming a 
movable joint, which can be 
bent so as to tilt a few of 
the small pieces of substance 
contained in C into the calori¬ 
meter, and which afterwards 
assumes a position of rest 
somewhat like that in the 
diagram. 

With care it is possible to tilt 
a single piece at a time from C 
into B, but an improved form 
of this receptacle is shown at 
Cjlq. In it, P is a wire movable 
through the cork Q, fitted into the mouth of the 
test-tube C l5 attached by a branch through the stiff 
rubber tube D x to the end of a, as before. At 
the end of the wire P is a hook, by which one piece 
of the substance at a time can be pulled up and 
dropped into B. When no other arrangements are 
made, the portions of matter experimented on are 
at the temperature of the room; but when lower 
temperatures are required initially, a vacuum vessel 
H, containing either solid carbonic acid, liquid 
ethylene, air, or other gas, can be placed so as to 
envelop the test-tube C or C x ; or if higher tempera¬ 
tures are required, the surrounding vessel may be 
filled with the vapour of water or other liquids. 

Now, when a quantity of liquid air has been under¬ 
going volatilisation for a time, as the nitrogen evapor¬ 
ates more quickly than the oxygen the boiling-point 
rises slightly. Two points require attention in 
consequence of this: first, the maintenance of a 
constant temperature of the liquid air during any 
one series of experiments; next, the prevention of 
a tendency for the calorimeter B to “ suck back ” 
some of the already volatilised gas. Honee the 
exterior vessel A should be filled with a large 
quantity—some two litres—of old liquid air, con¬ 
taining a high percentage of oxygen, and the calori¬ 
meter itself should be filled with some of the same 
fluid. This will maintain very closely the constant 
temperature required. When airy “ sucking back ” 
seems to be taking place, the calorimeter should be 
emptied and filled anew from the larger flask A. 
The tube between the calorimeter and the gas receiver 
should be of the size of wide quill tubing, and its 
lower end should be so arranged below the surface 
of the liquid in the collecting vessel as to give no 
resultant pressure. With such precautions, results 
may easily he obtained correct to within 2 per cent. 

The instrument having been set up and filled 
with liquid air, an experiment is conducted 
by tilting up the little test-tube, previously 


Table IV 


Liquid Gases. 

Boiling- 

point. 

Liquid Volume 

1 Gram at 
Boiling-point 
in c.c. 

Latent Heat 
in Gx-am- 
ealoriea. 

Volume of Gas at 
0° and 700 mm. 

per Clraru- 
ealorie in c.c. 

Sulphurous acid 

+ 10-0° 

0-7 

97-0 

3-6 

Carbonic acid . 

-78-0 

0-65 (solid) 

142-4 

3-6 

Ethylene . 

- 103-0 

1-7 „ 

119-0 

7-0 

Oxygen . 

-182-5 

0-9 „ 

53-0 

13-2 

Nitrogen . 

-195-6 

1-3 „ 

50-0 

15-9 

Hydrogen, 

-252-5 

14-3 „ 

125-0 

88-9 
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cooled or heated, thereby dropping into the 
calorimeter a portion of any substance previ¬ 
ously weighed. The substance in this way 
falls from the temperature of the room to 
that of liquid air. The heat given up by it 
volatilises some of the liquid, which is carried 
off by the branch tube and measured in the 
graduated receiver F. Immediately preceding 
or following this observation, a similar 
experiment is made with a small portion of 
a selected standard substance, usually lead. 
The quantity of lead is so chosen as to jrroduce 
about the same volume of gas in the receiver 
as that supplied by the portion of’ substance 
experimented on. By this means the circum¬ 
stances of the two observations are made as 
similar as possible, and thereby many sources 
of error are eliminated. 

§ (8) Liquid Hydrogen Calorimeter.— 
In 1913 Dewar 1 further developed the 
method so as to adapt it to the range of 
temperature between the boiling-points of 
liquid nitrogen and hydrogen: from - 196° to 
-.253° C., a range of only 57°. 

The liquid hydrogen calorimeter is a glass 
cylindrical bulb vacuum vessel A (Fig. 6) of 
50 c.c. capacity, silvered, with J cm. slit. On 
the neck is sealed a glass tube B. This 
projects through the brass coned fitting cap 
F of an ordinary slit silvered vacuum vessel 
in which it is supported. A side delivery 
tube, provided with stopcock D, is sealed 
near the top of B. A short length of rubber 
tubing on the neck of F makes a gas-tight 
joint with B. To minimise splashing, and to 
reduce the impact of the falling pieces, a thin 
strip of German silver or lead E, bent out 
near the top into a shoulder about 1 cm. 
square, stands centrally in the calorimeter A. 
The strip is cut from a thin tube of about the 
same diameter as the calorimeter neek. A 
short length of the tube is left above the 
shoulder, and supports the strip by fitting 
loosely into the neck of A. Some such 
device is essential in the use of this form of 
the liquid hydrogen calorimeter. 

The calorimeter in its turn is immersed in 
liquid hydrogen in the supporting vacuum 
vessel C, the neek of the calorimeter being 
8 to 10 cm. below the liquid hydrogen surface. 
The vacuum vessel C is only slightly wider 
than the lower part of A, and is provided 
with a coned cap F, whereby it is also 
supported and completely immersed in a 
wider vacuum vessel G containing liquid air. 
G is also fitted with a brass coned cover, 
fitting vacuum-tight on to the cap F on 0. 
Both caps are pierced by two thin tubes, one 
for fitting on to the filling syphons, the other, 
bent at right angles, serving for connecting to 
the exhaust in the case of the liquid air vessel, 
and in the case of the liquid hydrogen to the 
1 Proe. Roy. Roc., 1913, lxxxix. 158. 


stopcock leading the evaporating hydrogen 
through the upper part of the apparatus. 

This arrangement thus charged only needs a little 
liquid air sucked in every one and a half hour. The 
liquid hydrogen vessel will not need replenishing for at 
least four hours. The level of the liquid hydrogen in 
the calorimeter does not fall 1 cm. in six hours with 
constant use. The bulk of the materials added roughly 
compensates for the volume of 
the liquid hydrogen evaporated. 

It is important that this level 
should not materially change, 
since, after striking the shoulder, 
bodies move more slowly, are 
deflected on to the cold wall, 
and low results 
are obtained duo 
to the longer 
cooling of the 
materials in the 
vapour before 
being immersed 
in the liquid 
hydrogen. 



Fra. c. 


The isolation of the calorimeter was such that loss 
than 10 c.c. of hydrogen gas was evaporated from it 
per minute. The whole apparatus is supported be¬ 
tween the cork-lined spring jaws mounted on a heavy 
metal base on which the outer vacuum vessel rests. 

The cooling vessel H is connected by an 
india-rubber tube to the top of the calorimeter. 
It consists of an ordinary cylindrical silvered 
vacuum vessel, 20 cm. long and 7 cm. wide, 
with a central axial open tube K sealed in 
below. This tube passes through the liquid 
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in the vacuum vessel. It has the same 
diameter below as the neck tube of the calori¬ 
meter. Near the top of the central tube a 
side tube J, of about the same diameter and 
some 3 cm. long, serves for the introduction 
of the weighed pieces of material, which are 
all cooled previously to the temperature of 
liquid air, and then fall on to a thin metal 
disc P fitting loosely the tube K, where they 
remain about 15 minutes. P is supported by 
being hinged to two thin ebonite rods, L and 
M, fixed to a brass fitting cemented on to 
the top. The rod L is not fixed directly to 
the disc but to a metal ring R. From the 
ring R two thin vertical steel wires are 
connected freely to two points on the circum¬ 
ference of the pan below. This rod and the 
attached ring can be given a vertical motion 
by a crank N in the top fitting, thereby 
tipping the pan and releasing the piece of 
material, which then falls freely down into 
the calorimeter. A high vacuum is maintained 
by a cross-tube S, opening to the annular 
space, filled with charcoal. 

At the temperature of boiling nitrogen, the con¬ 
vection currents in the central tube of such a vessel, 
when connected to the calorimeter below, have no 
serious eilect on tlio temperature in the tube at a 
reasonable distance from the bottom, provided the 
central tube bo not wide. With a larger pattern vessel 
the width of the central tube was increased to 2-2 cm., 
and even here the difference was under 3° at the level 
of the pan. These temperatures were measured by 
a small helium thermometer, consisting of a 4-c.c. 
bulb to which was sealed a small mercury manometer 
of fine capillary tubing. 

The hydrogen evaporating from the liquid in the 
vacuum vessel C,in which the calorimeter is immersed, 
is employed in the interval of observations to main¬ 
tain a hydrogen atmosphere through the neck of the 
calorimeter and the connected measuring tubes. 
Risk of solid air in the calorimeter neck is thus obvi¬ 
ated. A simple arrangement of a three-way cooling 
vessel allows this to be manipulated. 

The vessel V consists of a glass tube 8 cm. 
in diameter and 40 cm. long, open at the 
bottom and provided with a wide T-piece at 
the top. The tube is immersed to the neck 
in water in a glass cylinder, and is counter¬ 
poised by a weight and cord running over a 
pulley just above. It is thereby readily 
raised during the time gas is being evaporated 
from the calorimeter ; this ensures that no 
back pressure is produced. One arm of the 
T-piece is open and connects to the stopcock 
D on the calorimeter neck; the other is 
provided with another small stopcock and 
connects to a 200-c.c. gas burette W similarly 
immersed in water. This latter stopcock is 
closed while the gas evaporated during an 
experiment is collected. 

These arrangements are necessary to secure the 
minimum impediment to the evaporating hydrogen, 
which is usually evolved in less than 10 seconds, any 


I temporary back pressure being fatal to concordant 
j results. At least 15 seconds are allowed for collect¬ 
ing the gas given off, and even longer, in some cases, 
with badly conducting bodies, 

As far as possible the materials used were cast 
in the forms of spheres about 8 mm. diameter. 

In the case of liquid bodies, the mould was 
first cooled by liquid air. Frequently liquids 
were frozen into solid cylinders in thin glass 
tubing, and pieces cut off after removing the 
glass mould. The metallic materials were 
in some cases fused into buttons of convenient 
weight in an exhausted quartz tube. The 
lead, however, of which many pieces were 
required, was cut from rod, and subsequently 
squeezed in a small spherical mould. 

Volatile bodies were weighed at a low 
temperature on a light German silver pan 
supported by a thin platinum wire suspension 
from the balance pan about 2 cm. above the 
level of liquid air contained in a vide deep 
vacuum vessel. Some materials would not 
make coherent bullets or cast sticks, and these 
were filled into very thin-walled cylindrical 
metal capsules. 

In order to obtain consistent results it is 
necessary to employ exactly the same pro¬ 
cedure in each test, hut with this apparatus 
Dewar was able to obtain results which rarely 
varied among themselves by more than 2 or 
3 per cent. 

The data thus obtained for the mean specific 
heats of 53 elements at about 50° abs. are 
summarised in Table V. 


Table V 


Element. 

Atomic 

Weight, 

Specific 

Heat. 

Atomic 

Heat. 

Lithium. 

7-03 

0-1924 

1-35 

Glucinum. 

9-1 

0-0137 

0-125 

Boron. 

11-0 

0-0212 

0-24 

Carbon (Achcson graphite) 

12-0 

0-0137 

0-16 

Diamond. 

12-0 

0-0028 

0-03 

Sodium. 

23-0 

0-1519 

3-50 

Magnesium .... 

24-4 

0-0713 

1-74 

Aluminium .... 

27-1 

0-0413 

M2 

Silicon, fused, elec. erne. 

28-4 

0-0303 

0-86 

,, crystallised . 

28-4 

0-0271 

0-77 

Phosphorus (yellow) . 

31-0 

0-0774 

2-40 

,, (red) 

31-0 

0-0431 

1-34 

Sulphur. 

32 

0-0540 

1-75 

Chlorine ..... 

35-45 

0-0967 

3-43 

Potassium .... 

39-15 

0-1280 

5-01 

Calcium. 

40-1 

0-0714 

2-86 

Titanium. 

48-1 

0-0205 

0-99 

Chromium .... 

52-1 

0-0142 

0-70 

Manganese .... 

55 

0-0229 

1-26 

Iron. 

55-9 

0-0175 

0-98 

Nickel. 

58-7 

0-0208 

1-22 

Cobalt. 

59-0 

0-0207 

1-22 

Copper. 

63-G 

0-0245 

1-56 

Zinc ...... 

65 4 

0-0384 

2-52 

Arsenic. 

75-0 

0-0258 

1-94 

Selenium. 

79-2 

0-0361 

2-86 








CALORIMETRY, METHOD OF MIXTURES 


57 


Table V —continued 


Element. ■ 

Atomic 

Weight. 

Specific 

Heat. 

Atomic 

Heat. 

Bromine. 

79-90 

0-0453 

3-62 

Rubidium .... 

85-1 

0-0711 

6-05 

Strontium, impure . 

87-6 

0-0550 

4-82 

Zirconium .... 

90-G 

0-0262 

2-38 

Molybdenum .... 

96-0 

0-0141 

1-36 

Ruthenium .... 

101-7 

0-0109 

Ml 

Rhodium. 

103-0 

0-0134 

1-38 

Palladium .... 

10G-5 

0-0190 

2-03 

Silver. 

107-93 

0-0242 

2-62 

Cadmium ..... 

112-4 

0-0308 

3-46 

Tin. 

119 

0-0286 

3-41 

Antimony .... 

120-2 

0-0240 

2-89 

Iodine. 

126-97 

0-0361 

4-59 

Tellurium. . . . . 

127-6 

0-0288 

3-68 

Caesium. 

132-9 

0-0513 

6-82 

Barium, impure . 

137-4 

0-0350 

4-80 

Lanthanum .... 

138-9 

0-0322 

4-00 

Cerium. 

140-25 

0-0330 

4-64 

“ Didymium ”... 

142 

0-0326 

4-63 

Tungsten. 

184 

0-0095 

1-75 

Osmium ..... 

191-0 

0-0078 

1-49 

Iridium. 

193-0 

0-0099 

1-92 

Platinum. 

194-8 

0-0135 

2-63 

Gold. 

197-2 

0-0100 

3-16 

Mercury. 

200 

0-0232 

4-05 

Thallium. 

204-1 

0-0235 

4-80 

Lead. 

207 

0-0240 

4-96 

Bismuth. 

208 

0-0218 

4-54 

Thorium. 

232-5 

0-0197 

4-58 

Uranium. 

238-5 

0-0138 

3-30 


The interesting fact discovered in the 
course of this investigation was that the atomic 
heats were periodic functions of the atomic 
weight, and the curve resembled, generally, 
the well-known Meyer atomic volume for the 
solid state. E. o. 

CALORIMETRY, METHOD OF MIXTURES 

§ (1) Introduction. —Calorimetric apparatus 
assumes the most diverse form, each type char¬ 
acterised by certain features, which adapts it 
especially for a particular class of measurement. 

For the determination of the mean specific 
heat of a substance over a range of temperature 
or for the determination of the heat of com¬ 
bustion of a fuel the Method of Mixtures 
is a convenient one to employ and is probably 
the best known of all calorimetric methods. 

_ § (2) The Method of Mixtures.— The prin¬ 
ciple of this method is to impart the quantity 
of heat to be measured to a known mass of 
water contained in a vessel of known thermal 
capacity, and to observe the rise of tempera¬ 
ture produced ; from which data, as explained 
in detail farther on, the quantity of heat can 
be calculated. This method is the simplest of 
calorimetric methods, but is not the most 
accurate. Heat is lost in transferring the hot 
object to the calorimeter, and although it can 
he minimised by arranging that the transfer 


takes place rapidly, it cannot be eliminated or 
even accurately allowed for. Some heat is 
lost when the calorimeter is raised above the 
temperature of its enclosure and before the 
final temperature is reached. This can be 
roughly estimated by observing the rate of 
change of temperature and assuming that the 
heat loss is directly proportional to the 
duration of experiment and to the average 
excess of temperature. The accurate deter¬ 
mination of this correction is of fundamental 
importance in this method and a detailed 
discussion of it will be given. It is always 
desirable to diminish the loss of heat as much 
as possible by polishing the exterior of the 
calorimeter to diminish radiation, and by sus¬ 
pending it by non-conducting supports inside 
a polished case to protect it from draughts. 
It is also very important to keep the surround¬ 
ing conditions as constant as possible through¬ 
out the experiment. This may be secured by 
using a large water-bath around the apparatus, 
but in experiments of long duration it is 
advisable to use an accurate temperature 
regulator. The method of lagging the calori¬ 
meter with cotton-wool, which is often re¬ 
commended, diminishes the heat loss con¬ 
siderably but renders it very uncertain, and 
should never be used in work of precision, since 
the bad conductors take so long to reach a 
steady state that the rate of loss depends on 
the past history more than on the temperature 
of the calorimeter at the moment. A more 
serious objection to the use of lagging of this 
kind is the danger of its absorbing moisture. 
The least trace of moisture in the lagging may 
produce serious loss of heat by evaporation. 

Regnault about 1840 made a careful study 
of the Method of Mixtures, and by skill and 
attention to detail ho obtained by means of 
it a valuable series of thermal data. It is 
only within comparatively recent years that 
any material improvements on Regnault’s 
apparatus have been effected. 

§ (3) Theory or Method of Mixtures.— 
It will be assumed that the cases under con¬ 
sideration are those of solids and liquids. 
The determination of the specific heats of gases 
requires especial consideration and is dealt 
with in a separate section. 

Let M = mass of heated body, 

9 = temperature of heated body at the 
moment of its immersion in the 
water of the calorimeter, 

W = mass of water employed, 
t — temperature of water when the body 
is immersed in it, 

T = temperature when the thermal equi¬ 
librium is established between the 
body and the water, i.e. when 
temperature of water ceases to 
rise (or sink if the body was cooler 
than the water). 
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NoW if s = mean specific heat of water be¬ 
tween T and t, and S = specific heat of the body 
between 6 and T, we get 

MS(0 — T) = Ws(T - 1), 

, _ Ws(T-f) , , 

and S= M(^T)- •••(«) 

This gives the calorimetric equation for the 
method of mixtures in its very simplest form ; 
for practical working several corrections are 


necessary. 

(i.) For W we must substitute another 
magnitude W : such that W 1 =W + mass of 
water, having the same heat capacity as con¬ 
taining vessel, stirrer, and all parts whose 
temperature is seriously affected : 

I.e. if /x=mass of metal reservoir, stirrer, etc., 
and s x =mean specific heat of this metal 
between T and t, 


W 1= W+/£, 

and in this case equation (a) becomes 
q. W ^T-t) 

M(fl-T)' ' ‘ 


• ( 5 ) 


Sometimes the substance has to be supported 
in a receptacle, and if we put a ~ water- 
equivalent of such receptacle and taking s = 1 
within the limits of the experiment, we get 


q_ W x(T — t) a 

M(0 —T) M* ’ 


(<0 


Where the results are to be as accurate as 
possible, equation (c) takes a more complicated 
form. In addition to the magnitudes already 
represented, we have to take account of the 
thermal capacity of the thermometers, etc. 

In addition to these corrections dependent 
on the nature of the various parts of the 
apparatus, there is the cooling correction for 
the loss of heat from the calorimeter to its 
surroundings. 

§ (4) Mod ebit Apparatus por the Method 
op Mixtures. —The complete outfit required 
for experiments with the method of mixtures 
consists of the following elements, which will 
be considered individually : 

(i.) The calorimetric vessel and the device 
for mixing the contents. 

(ii.) The jacket enclosing the calorimeter, 
(iii.) The thermometer for measuring the 
temperature rise of the water. 

(iv.) The appliance for heating or cooling 
the charge (in specific heat determinations). 

§ (5) Calorimeter and Stirrer, (i.) The 
Calorimeter .—The calorimeter is usually made 
of pure copper, nickel plated and polished so 
as to reduce radiation to a minimum. 

The use of a vacuum jacket as a calorimeter is not 
to he recommended for ordinary work. Undoubtedly 
it is possible by means of it to reduce the magnitude 
of the cooling rate, but this advantage is more than 
counterbalanced by the disadvantages of this form 


of container due to its brittleness, the lag of the 
portions of the glass walls above the surface of the 
water, the difficulty of ascertaining its heat equivalent 
and of keeping it constant. 

Under certain circumstances the use of 
water or other calorimetric fluid becomes im¬ 
practicable. Hence some investigators have 
employed as calorimeter tliick-walled metallic 
cups and trusted to the high coefficient of heat 
conductivity of the metal to equalise the 
temperature. These specialised forms of calori¬ 
meters are described later. 

(ii.) The Stirrer .—Stirrers vary considerably 
in design according to the specific purpose 
for which they are required. A typical 
form is illustrated in Fig. 1 ; hero a 
screw is employed for stirring the contents. 
The vessel is constructed with an. go - shaped 
cross-section, the stirrer being contained in a 
tube which is connected 
with the main tube at the 
top and bottom. By this 
arrangement it is possible to 
ensure a steady circulation 
through the calorimeter, and 
it is advisable to direct the 
stream as smoothly as pos¬ 
sible by suitably curved 
passages. 

In the design of such a 
calorimeter particular at¬ 
tention must be given to the 
provision of wide passages for the circulation 
of the water and care taken to avoid as far 
as possible dead spaces. It might bo re¬ 
marked that this method of stirring has been 
found to be the most reliable for comparison 
baths for mercury thermometers and is much 
superior to a plain screw in a vessel of liq uid. 

White 1 adopted a somewhat similar form 
of calorimeter for his experiments on the 
specific heat of silicates at high temperatures. 
The charge, contained in a platinum crucible, 
was dropped directly from the furnace into the 
calorimeter. 

It will be observed from Fig. 2 that the 
cover W is in actual contact with the water 
to ensure temperature equilibrium. The an¬ 
nular space under the cover permits the water 
to vary somewhat in amount without over¬ 
flowing or failing to wet the cover, while the 
weight of the cover (70 gnu.) prevents it 
from being floated out of the place when the 
water is high. An approximate preliminary 
adjustment of the amount of water is of course 
necessary, and is very easily obtained. Evap¬ 
oration through the joint is about 7 mg. an 
hour, which is not likely to produce appreciable 
error.. An oil seal gives very little trouble, 
and is used where maximum accuracy is 
desired. 

_ l Calorimetric Apparatus,” Thy. Rev., 

Dec. J910, xxxi. iNo. 6. ’ 



Mo. l. 
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Complete enclosure of the calorimetric vessel, 
with the possibility of quick opening and clos¬ 
ing, and thorough circulation without much 
heating, are the main requirements. 

In Fig. 3 a totally different type of stirrer is shown 
where the contents are mixed by a flat paddle of 



Fig. 2. 

A, vertical section; A', hori¬ 
zontal section. The position 
of the crucible is shown by the 
dotted lines. 


annular form which 
has a reciprocating 
motion in the liquid. 
In order to avoid 
pumping air in and 
out of the calorimeter 
by the reciprocating 
motion two small 
rubber bellows are 
fixed as shown with 
the end of the stirrer 
rod attached to the 
mid-point. The com¬ 
pression of the one 
bellows is compen¬ 
sated for by the ex¬ 
tension of the other. 
This device is due 
to Professor E. II. 
Griffiths. 

The method of 
stirring demands 
the most careful 


consideration in any arrangement that may 
bo adopted. Vigorous stirring of the water 
is necessary to keep the calorimeter at a 
uniform temperature throughout while the 
heat is being rapidly supplied to it. There 
are two distinct functions 
of a stirrer, mechanically 
more or less incompatible : 
First, the whole mass of 
liquid in a calorimeter must 
be circulated, so that there 
are no stagnant portions; 
and second, there must be 
thorough mixing of the 
different portions of the 
liquid in order that a 
measurement of its mean 
temperature may be ob¬ 
tained with a thermometer 
of convenient size. 

The reciprocating paddle 
form of stirrer mixes 
thoroughly the smaller 
portions of the liquid but 
produces little positive circulation, so that 
certain portions of the liquid may be left 
nearly stagnant. The screw propeller type of 
stirrer, on the other hand, properly applied, 
produces a rapid circulation of the whole mass 
of liquid, but may not mix so thoroughly the 
different portions, i.e. it permits of definite 
stream lines. Such a stirrer can be mounted 
on a very small shaft and in such a way as 
not to promote evaporation. 

The tendency at the present day is to employ 



a small propeller driven continuously by a belt 
from a small electric motor, but for occasional 
work a hand-operated stirrer is preferred on 
account of its simplicity. 

The common type of stirrer, which is stand¬ 
ard on combustion outfits, consists of a copper 
annulus of such diameter that it loosely fits 
the inside of the calorimeter and is oscillated 
up and down by a rod. This form of stirrer 
is not to be recommended for the stem moves 
in and out of the liquid, promoting evapora¬ 
tions, which may be a serious source of 
error. 

The paddle form of stirrer shown in Fig. 3 avoids 
this defect. Another simple paddle form of stirrer 
is illustrated in Fig. 4. 

In the top edge of the calorimeter two small notches 
are cut at opposite ends of a diameter. The stirrer 
consists of a thin horizontal copper rod bent to 
the form shown and resting in the notches. Two 
thin copper plates arc soldered to the rod while a 
small glass rod is cemented to form a handle. By 
giving the handle a to-and-fro motion the 
paddles move back\ 
through the liquid and 
thoroughly. 

(iii.) Evaporation 
from Exposed Liquid 
S urfa c e .—E x p e r i- 
ence has shown that 
ono of the greatest 
sources of error in 
the Rognault form 
of calorimeter is the 
heat loss by evapora¬ 
tion from the exposed 
water surface. The 
evaporation of 10 
milligrams ‘ of water 
consumes (i calories, 
and since a calorimeter determination seldom in¬ 
volves a quantity of heat greater than GOOD calories 
an irregularity in the evaporation rate amounting 
to 10 milligrams introduces an error of one part in 
a thousand. 

Observations with an open calorimeter of standard 
form have shown that a rate of evaporation of 10 
milligrams per minute is not unusual, and this 
involves a heat loss as great, on the average, as that 
from the cooling by radiation, etc., besides being far 
more uncertain. 

Consequently, in all precision work the calorimeter 
should be closed by a fairly tight-fitting cover so as 
to check the loss by evaporation. 

Another precaution to be observed in tins con¬ 
nection is to prevent the possibility of the evaporation 
of small amounts of water from the outside of the 
calorimeter during the course of the experiment, as 
the error due to this cause may be especially serious 
on account of the fact that the evaporation may be 
completed before the cooling correction is determined 
and consequently no allowance made for this heat 
loss. Two possible sources of such error should 
always be guarded against. 

(a) The presence of a minute drop of water on 
the outside of the calorimeter due to lack of care in 
filling. 
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(b) Absorbed moisture if the surface is hygroscopic. 
A tarnished copper surface 100 cm. square in area 
will absorb 7 milligrams of water in a saturated 
atmosphere at ordinary temperature, whilst a surface 
of polished nickel of the same size and under the 
same conditions will not absorb as much as 0-1 
milligram. Hence it is always advisable to provide 
the calorimeter with a lid, although it will be found 
that to close the calorimeter effectively the addition 
of a lid complicates the construction. 

Even with the simplest form of apparatus a 
substantial improvement is produced by providing 
a lid of very thin rne'tal having a slot to allow of its 
being removed for the introduction of the hot body 
without disturbing the thermometer. 

§ (6) The Jacket surrounding the Calo¬ 
rimeter. —White 1 during the course of his 
extended researches on the specific heats of 
the silicates has devoted much attention to 
the design of the 
calorimetric ap¬ 
paratus em- 
w ployed. 

One form of 
jacket for main¬ 
taining a constant 
temperature en¬ 
closure around 
the calorimeter 
which he has de¬ 
scribed is shown 
in Fig. 5. The 
jacket is shown 
in section and 
also in top view, 
partly open. 
Water is held up 
in the two halves 
of the cover, and 
in the upper 
Pig. 5 . section of the 

T, rod on which the top slides; chamber wall, by 
S, stirrer pulley; e, groove for atmospheric pres- 
passage of thermoelectric ther- On 

mometer; W, water level. s re ‘ unleavin S 
the propeller the 
water divides and passes across through the 
three upper passages, and then returns through 
the lower space. Its circulation is directed by 
the partitions P and Q, of which Q runs nearly 
the whole length of the tank outside the 
chamber, as shown by the dotted line. The 
chamber is opened by moving the covers 
aside; their down-turned ends then move in 
the troughs left at the ends of the tank. The 
covers slide upon the stout rod T. The pulley 
for the calorimeter stirrer, and the whole 
jacket stirrer, are borne on one half cover. 
This half is clamped firmly in place during an 
observation; moving aside the other fully 
exposes the calorimeter opening. 

(i.) Method of supporting the Calorimeter. — 
Heat transfer between the calorimeter and 
its jacket may take place in four ways— 

1 Loc. cit. 



by conduction, convection, radiation, and 
evaporation. The object of applying the cool¬ 
ing correction is to eliminate this heat loss 
from the final result. 

M hilst in practice it is not necessary to 
study these effects separately, it might be re¬ 
marked that under ordinary conditions the 
greater portion of the heat transfer is due to 
convection and air conduction, the two together 
constituting about 80 per cent of the total. 

It is advisable to reduce the transfer by 
thermal conduction through the supports of 
the calorimeter to a minimum since it con¬ 
stitutes an uncontrollable source of error. 

Consider, for example, the case of a calori¬ 
meter supported within the enclosure on a 
sheet of cork or rubber. When the calorimeter 
and enclosure are at two steady temperatures 
the heat transfer is, by the laws of conduction, 
proportional to the temperature difference; if, 
however, the temperature of the calorimeter 
is changing rapidly the rate of transfer is not 
even approximately proportional to the tem¬ 
perature difference. 

The following is a discussion of this source 
of error by Dickinson : 2 

Since the conductivity of such materials is 
always small, compared with that of the 
metallic sheets in contact with them, the 
temperatures of the surfaces may be taken, 
for the purposes of this discussion, as approxi¬ 
mately the same as the measured temperatures 
of the calorimeter and the jacket respectively. 
The distribution of temperature in such a layer 
and the rate at which heat is leaving the 
calorimeter at any time may be then deter¬ 
mined from the following considerations : 


A sheet of material of thickness c bounded by 
plane surfaces x Q and aq is initially at temperature t 9 0 . 
If x 0 and # 0 are each taken as 0 for convenience, and 
the temperature of one of the surfaces x x is then 
caused to rise from 6 0 to O' in such a way that 
9=8'(l-e~ at ), the temperature distribution in this 
plate is given by the following equation: 3 

0^m +- 2 H “i).!? sin 
c 7r i L m c 


{m- 


s ft 

F(\)e 


(t~k) 


’*)} 


Where a 2 is the thermometrie conductivity of the 
material, F(t) is the temperature of the face x t -c, 
taken here as 6'{ 

The point of interest in this discussion is the rate 
at which heat is leaving the calorimeter at any time, 
as this determines the value of the emissivity for 
the portion of the surface in question. If d' and 
c are each made unity, and the above expression for 
6 is differentiated with respect to x, the following 


Combustion, Calorimetry, and the Heats of 
Combustion of Cane Sugar, Benzoic Acid, and 
Naphthalene, Sci. Paper Bur. Stds., 1914, No. 

p llo yerIy ’ Fourier ’ s Series and Spherical Harmonics, 





CALORIMETRY, METHOD OF MIXTURES 


61 


expression for the temperature gradient at any point 
in the material is found : 


« 

+ 2^(— 1 ) m eos rmrx(e ~-. 

1 m-ir-Q," - a. 

The surface .r = l is the surface in contact with the 
calorimeter, so that substituting this value of x 
and the appropriate values for a 2 and a, the above 
expression gives the temperature gradient in the 
material in contact with the calorimeter, which is 
proportional to the factor k for this portion of the 
surface. 

As an example showing the eifcct of this kind 
of distribution of material, suppose that the calori¬ 
meter rests on a sheet of •''ebonite 1 cm. thick 
and that the temperature in the calorimeter 
rises quite approximately according to the relation 
9— di = (l ~ e~ at )(6 1 - 9i), where a = 0-03 1 and 6, &i, 
and d x represent, respectively, the temperature at any 
time, the initial, and the final temperature. The 
value of a 2 , the thermometric conductivity, for 
ebonite is approximately 0-001 in C.G.S. units. These 
quantities substituted in the above equation show 
that after 00 seconds the rate of heat loss is 2-75 
times its final value, after 5 minutes the rate is 1-13 
times the final value, and only after 10 minutes does 
it come to within 1 per cent of its final value. If 
the area in contact with such a sheet were a consider¬ 
able part of the whole area of the calorimeter, the 
error introduced from this cause evidently would he 
a very serious one. Such a distribution of material 
as here discussed will also have an effect on the heat 
capacity of the calorimeter. 

This discussion shows that all non-conducting 
supports should be negligibly small, or, since the 
thermometric conductivity a*=K jcp, the absolute 
conductivity K divided by the specific heat (c) and 
density (p), the material used for them should have a 
small density and specific heat. A form of support 
should therefore be employed, in whieh the smallest 
possible mass of insulating material is used, with the 
smallest possible area in contact with the calorimeter. 
The mass of such supports can readily bo made 
negligible compared with that of the calorimeter. 

(ii.) Supports and Space between Calorimeter and 
Jacket,. —To reduce errors due to the above cause 
to a minimum Dickinson 2 employed the following 
arrangement of supports for his calorimeter. The 
supporting pieces (three in number) are each made up 
of a brass cone soldered to the bottom of the jacket, 
and a small ivory tip about 2 nun. in diameter 
cemented into the end of the cone and resting against 
small plates (one with a hole, one with a slot, and the 
third plane) on the bottom of the calorimeter. The 
thermal conductivity of the ivory tips is small, and 
their total mass is not over 0-1 gm., so that their effect 
on the cooling rate is too small to be significant. The 
brass cones, while they have a considerable mass, 
have a heat conductivity so great compared with the 
amount of heat which they can receive by radiation, 
convection, etc. (about 0-0001 calorie per square 
centimetre per second per degree temperature differ¬ 
ence), that their temperature is at all times measur- 

1 Value found by experiment by Dickinson for his 
calorimeter. 

* Loc. cit. 


ably that of the jacket, hence their effect is entirely 
negligible, both as regards cooling rate and heat 
capacity. 

(iii.) Heat Conduction along the Stirrer. —The steel 
stirrer shaft which enters the calorimeter should end 
just above it in a thin rubber sleeve, which should 
fit tightly over it and tightly within a larger steel 
piece coupled to the driving shaft. It is evident that 
since the heat conductivity of steel is many times 
greater than that of the hard rubber sleeve, the 
temperatures of the two metal parts will remain 
very nearly the same as tho temperatures of the 
calorimeter and the jacket respectively. The heat 
capacity of the rubber sleeve, some of which should 
be added to that of tho calorimeter, is insignificant. 

§ (7) Method of calculating the Cooling 
Correction, (i.) Humford. —Rumford was 
the first to introduce a method of correcting 
for the heat loss from the calorimeter. His 
procedure was to make a preliminary experi¬ 
ment to ascertain approximately what the 
rise of temperature would be and then to 
cool the calorimeter half this number of 
degrees below the temperature of the surround¬ 
ing atmosphere before the next experiment. 

For example, let 

Temperature of atmosphere = t°, 
Approximate increase = 20. 

The calorimeter is cooled to (t - 0)°, and the 
heated body then introduced: the maximum 
temperature will be approximately (t + 0)°, 
and Rumford’s idea was that the amount of 
heat gained by the calorimeter during the 
time its temperature was below t° will exactly 
compensate for the amount lost by it while its 
temperature was above t°. This is approxi¬ 
mately true, but not quite so, owing to tho 
fact that the rate of increase of temperature 
diminishes very rapidly as the heated body 
and the water approach thermal equilibrium: 
thus, it may happen that tho rise of tempera¬ 
ture from (i t - 0)° to t° will occur in less than 
20 seconds, while the rise from t° to (t-\- 9)° 
will occupy over 100 seconds. 

(ii.) Arithmetical Method of computing Heat Loss. — 
A far more accurate, but not nearly so easy a method 
of correction is tho following: Cool tho calorimeter 
several degrees below tho enclosure and take very 
careful readings at intervals of about 20 seconds 
before and after the introduction of the hot body, 
and also after the establishment of thermal 
equilibrium between tho hot body and the water. 
Let 0, B lt 9 % , . . . 0 n bo the temperatures of the 
calorimeter at tho Beginning and at tlio end of m 
periods of, say, 20 seconds each before the intro¬ 
duction of the hot body. 

Let t, t v ifjj t 3 , . . . t n bo tho temperatures for n 
periods of equal duration after tho introduction of 
tho hot body up to tho establishment of thermal 
equilibrium between tho hot body and the water. 

Let T, Tj, T s ... IV be the temperatures for r 
similar periods after tho establishment of thermal 
equilibrium : t n and T are virtually the same. The 
temperature t should not be taken from the reading 
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of the thermometer, but should be calculated as 
follows: 


During the first interval after the introduction 
of the heated body the mean temperature of the 
calorimeter has been t+tj2, and if we put 
v for the change in the temperature of the calori¬ 
meter due to its surroundings we get for the first 
interval 


to its maximum value, the heat loss can be 
accounted for if the temperature is determined 
which the body would have attained if there 
had been no loss. The correction is obtained 
as follows : First make a series of measure¬ 
ments of the temperature of the water of the 
calorimeter, before and after the charge is 
dropped in, together with the times. Then 
plot them graphically on a large scale as in 
Fig. 6. Five or ten centimetres to a degree 



where a and x have to be calculated. For the second 
interval we have 


v 2 —a 



where a and x have the same values as in the expres¬ 
sion for v x . Finally, 


w„=o 




Fig. c. 


so that between < and t„ 

-M x +A+ . - - 

The values of a and x arc found in the following 
way: Let <p represent, the moan temperature of the 
calorimeter before the introduction of the hot body, 

• . 6 + Oi + 0z + ■ ■ • 6 m 

™ 1-f-wi ' 


so that tho mean value of v=a(cj>-x) between 0 
and 0 m ; and putting r/>i for mean temperature after 
establishment of thermal equilibrium, 




T+T 1 +T a + . . . iy 
1 -f-r 


and the moan value of v 1 =a(<f> l —x). 

Cj 0-0* , , T-T r 

Slow v*m - and v => -, 


From the two equations v—a(<j>~x) and v' *»a( <f>i - x) 

, v-v' 

we get a= -— 


and 


vd >, - v eh 
x= -•— 
v-v 


from which -w can be calculated, and hone© the 
corrected vaiuo of the change of temperature of tho 
calorimeter. 


(iii.) Graphical Method of deducing the Heat 
Loss .—A graphical method of computing the 
cooling correction is due to Rowland. 

(a) Howland's Method . 1 —Instead of finding 
the number of heat units lost by the body 
while the temperature of the body is rising 


1 On the Mechanical Equivalent of Heat, witl 
Subsidiary Researches on the Variation of the 
Mercurial from the Air Thermometer, and on the 
Variation of the Specific Heat of Water,” Proceedingi 
of m American Academy of Arts and Sciences, 1880 
xv. 75-200; also Physical Papers, p. 402. 


are sufficient, nabed is the plot of the 
temperature of the water of the calorimeter, 
the time being plotted horizontally and the 
temperature vertically. Continue the line 
dc until it meets the vertical line la. Draw 
a horizontal through the point l. At any 
point b, of the curve, draw a tangent and 
also a vertical line bg; lay If equal to eg, 
and draw the line fhk through the point h, 
which indicates the temperature of the 
atmosphere of the vessel surrounding the 
calorimeter. Draw a vertical jh through the 
point k. From the point of maximum c draw 
a line jc parallel to dm; where it meets kj 
will then be the required point. Hence, the 
rise of temperature, 
corrected for all cool¬ 
ing errors, will be kj. 

This method, of 
course, only applies 
to cases where the 
final temperature of 
tho calorimeter is 
greater than that 
of the air ; otherwise 
there will be no 
maximum. 

(b) Ferry's Method. — In the following 
modification by Ferry of Rowland’s method 
this temperature can be obtained to a fair 
approximation by a simpler graphical con¬ 
struction. 

Let C represent the temperature of the sur¬ 
roundings, and let a body at a temperature 
below these be given a quantity of heat H such 
that its temperature rises to a value above C. 
The way in which the temperature changes 
before the heat H is added is represented 
by the lino AB in Fig. 7. The line BD shows 
how the temperature changes while the body 
is absorbing the heat H. From B to C the 






CALORIMETRY, METHOD OF MIXTURES 


63 


body is, in addition, receiving heat from the 
surroundings, and from C to D is losing heat 
to the surroundings. The line DE indicates 
the temperature changes due to radiation, 
etc., alone. 

Through C draw a vertical line. Prolong 
ED backward until it cuts this vertical in /. 
Prolong AB forward till it cuts the vertical 
line in h; Then the temperature changes are 
given by hf. 

To see that the above method of finding the 
desired temperature is reasonable, consider 
the following: If the heat H had not been 
given to the body, it would have continued 
to rise in temperature in the same way that 
it was rising from A to B, so that by the 
time it really attained the temperature 
indicated by C it would have reached the 
temperature indicated by h ; that is, while 
the body really rose in temperature from B 
to G the rise in temperature from B to h 
was due to heat from the surroundings, and 
the rise from h to C was due to a part of the 
heat H. Again, if the body had not been 
given the heat H, but if it had been at first 
at such a temperature that as it cooled it 
reached the temperature indicated by D at 
the same instant that it really reached that 
temperature—and thereafter cooled as shown 
by DE—it would have been at a temperature 
/ at the instant when it really was at the 
temperature C; that is, while the body 
really rose in temperature from C to D the 
fall in temperature due to radiation was the 
fall from / to D, so that if there had been 
no loss of heat by radiation the rise of 
temperature during this time would have been 
from C to/. If, then, there had been no 
gain or loss of heat by radiation the body 
would have risen in temperature the amount 
indicated by the distance from h to /. 

While the temperature of the body rose 
from C to D it was really at a lower temperature 
than if it had been cooling from / to D, and 
so did not really lose as much heat by radia¬ 
tion as has above been supposed. Hence, 
the point / is higher than it ought to be. 
Eor a similar reason h is also somewhat 
higher than it ought to be. If the time from 
B to 0 is about the same as that from 0 to 
D, these two errors will nearly balance each 
other. 

(iv.) Adiabatic Methods. — To eliminate 
entirely the necessity for correcting for the 
heat transfer between the calorimeter and its 
jacket, T. W. Richards 1 has devised various 
forms of calorimeters in which the bath 

1 Journ. Am. Chem. Soc., 1900, xxxl. 1275; 
Richards and Burgess, ibid., 1910, xxxii. 431 ; 
Richards and Rowe, Proa. Am. Acad. Arts. Sci. xlix, 
173: Richards and. Barry, Joicrn. Am. Chem. Soc.., 
1915, xxxvii. 993; Maetnnes and Braham, “ A 
Calorimeter for measuring Heats of Dilution,” 
Journ. Am. Chem. Soc., Oct. 1917, xxxix. 2110. 


surrounding the calorimeter is kept through¬ 
out the experiment at an equal or equivalent 
temperature. This device has been found to 
be particularly convenient in experiments on 
heat of dilution, heat of reaction, and recently 
it has been adapted for fuel calorimetry work. 
The precise method adopted for heating -the 
jacket to keep it in step with the calorimeter 
varies. Richards has used the heat liberated 
by chemical reaction of the same character as 
that under test in the calorimeter. Eor most 
purposes, however, electrical heating is the 
more convenient. It is usually necessary to 
make a few blank experiments to settle the 
relative values of the current, so the method 
finds its greatest field of application when a 
large number of experiments have to be 
performed. Since the stirrer in the calori¬ 
meter generates an appreciable amount of 
heat, it is convenient to keep the tempera¬ 
ture of the jacket at a temperature of a 
degree or so below that of the calorimeter, 
so that the residual heat loss just balances 
that generated by the stirring. Whilst the 
device cannot give greater absolute accuracy 
than that in which a stationary jacket 
temperature is employed, it has the ad¬ 
vantage that the initial and final tempera¬ 
tures are stationary and hence more easily 
measurable with resistance thermometers than 
would be the case if the temperature wore 
moving. 

§ (8) Thermometer eor measuring the 
Temperature Rise of the 'Water.- —The 
most generally used instrument for the 
measurement of the temperature rise of the 
calorimeter is the mercury thermometer, but 
in work of precision the resistance thermometer 
is to be preferred. 

Experience lias shown that the inherent 
defects of the mercury thermometer limit the 
possible accuracy to 2 or 3 parts in 1000 
for a 2 ° rise of temperature, while with a 
suitable resistance thermometer outfit ten 
times this accuracy may be obtained, but 
of course it necessitates an expensive equip¬ 
ment and more labour with the observations. 
Eor a discussion of calorimetric mercury 
thermometers reference should be made to 
the articles on “Thermometers” and “Re¬ 
sistance Thermometers ” respectively. 

§ (9) Appliances eor heating or cooling 
the Charge, (i.) Steam Heater .—Regnault 
in his extended series of experiments used a 
steam-jacket heater to bring the charge to 100 ° 
before dropping it into the calorimeter. His 
form of heater consisted merely of a boiler 
with a tube containing the charge, and on 
inverting it the heated charge is dropped into 
the calorimeter. White has modified the 
Regnault heater to the form shown in Fig. 8 
which is self-explanatory. He employs elec¬ 
trical heating, since then it is possible to 
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move the apparatus about without danger of 
premature cooling. The apparatus is manipu¬ 
lated as follows : Just, before discharging the 
temporary outlet is 
opened, the con¬ 
denser and thermo¬ 
element removed, 
the opening stop¬ 
pered, an d lastly 
the heating 
chamber unstop¬ 
pered and the 
charge dropped 
into the calori¬ 
meter. The object 
of the shallow cup 
below the chamber 
filled with con¬ 
densed water is to 
shield the chamber 
against superheat¬ 
ing. White points 
out that the usual 
practice of closing 
the upper end of 
steam heaters with 
corks is defective, since the ends are left com¬ 
paratively cold, and consequently errors of 
the order of a few parts per 1000 may result. 

(ii.) Electric Fur¬ 
nace. — For heating 
the charge to high 
temperatures some 
form of electrical fur¬ 
nace is generally em¬ 
ployed, as this permits 
of the attainment of 
temperatures up to 
1500° G. It is, of 
course, necessary to 
ensure that the fur¬ 
nace should give a 
uniform temperature 
over the region oc¬ 
cupied by the charge, 
and experience has 
shown that the sim¬ 
plest method of effect¬ 
ing this is to wind the 
tube uniformly, and 
over each end add 
additional coils cap¬ 
able of independent 
control; then, by ad¬ 
justing the relative 
values of the current 
in the main circuit 
and the supplement¬ 
ary coils, a good 
degree of uniformity 



'Top of 
Calorimeter extension 

Fig. 9.—Arrangement of 
platinum - wound Fur¬ 
nace for Experiments 
between 500° and 
1500° C. 

P, partitions to shield 
against the cooling effect of 
the ends of the furnace; SS, 
swinging shield; L, latch 
for dropping out the fur¬ 
nace bottom; MM, heavy 
wires for the dropping 
current; T, thermoelement. 


can be obtained. It might be remarked, how¬ 
ever, that the ratio of the currents in the 
circuits which will give uniformity at one 


temperature may not necessarily apply to 
another, and consequently separate experi¬ 
ments are necessary to determine the best 
values for each point. 

In Ms work on the specific heat of silicates 
White employed a furnace with internal platinum 
winding. This has the advantage of permitting 
of the attainment of higher temperatures than 
is possible with a winding on the exterior of the 
tube, and also diminishes the lag between the 
coil and the chamber, so that equilibrium is 
obtained with greater rapidity. This furnace 
(Fig'. 9) is mounted on a stout iron plate with an 
air space beneath. An opening of 5-5 cm. is cut, 
through the furnace bottom and plate, which is 
closed by a plug of fireclay carried on a movable 
iron plate. This is held up against a largo pinto 



L, latch; V, its fulcrum ; MM, tubes, about -8 mm. 
in diameter; W, wire, whose pull unlatches the bull 
of the container; CT, charge thermoelement; FT, 
furnace thermoelement; ,P„ J> s , shielding partitions ; 
H, furnace winding. The platinum tube around (IT 
in the container is supposed to bo cut away. 
L is 2-3 mm. thick. MM were covered with sliced, 
platinum, which was part of the ©quipotentlal 
shield. 

by the latch in such a way that a quick pull on the 
latch causes the plug to fall away without tipping. 
Upon the block and inside the furnace chamber is a 
pedestal made up of three fireclay partitions each 
faced on both sides, except on the side facing (die 
crucible, with reflecting discs of platinum foil, and 
supported by a light frame made by grinding away 
as much as possible from the thin porcelain tube. 
This pedestal has two functions. It protects the 
crucible from the cooling effect of the furnace bottom 
and it also supports the crucible during the period 
necessary to reach the constant temperature, Plati¬ 
num is very soft at high temperatures, and the fine 
wires which support the crucible for an interval of 
1 second, which elapses between the fall of th« 
crucible and the pedestal, would have to be very 
large if they were to hold for any length of time. A t 
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the higher temperatures the uppermost partition is 
apt to stick to the bottom of the crucible, hence it 
is tied by platinum wire to the plate below, the weight 
of which is enough to pull it away. Above the cru¬ 
cible another platinum partition is suspended. When 
the pedestal falls from the furnace it is caught in a 
light wooden box, which can be pushed out of the 
way, and at the same time switches off the furnace 
current. 

The simplest method of supporting the charge 
in the furnace is to use a loop of platinum wire and 
fuse, it by a strong current when it. is desired to drop 
the charge into the calorimeter. This method was 
used successfully by Harker 1 in his experiments on 
the specific heat of iron. 

White found some difficulty with the fused wire 
method of making a release at temperatures above 
1000° 0. owing to the arcing which occurred across 
the terminals after the wire was melted. This 
difficulty could no doubt have been overcome by 
making the current fuse a length of copper wire out¬ 
side the furnace the same time as the supporting 


wire inside. He, however, devised a mechanical 
drop for releasing the charge. This was made of 
Marquart composition, which is obtainable in the 
form of tubes and plates. The complete arrange¬ 
ment is shown in Fig. 10. Stout platinum wire of 
1 -2 mm. in diameter was operated automatically' to 
release the container as the wooden shield of the 
furnace was swung on one side. This was found to 
be generally satisfactory, but many troubles were 
encountered owing to insufficient rigidity of the 
supports, combined with a too rapid swing of the 
shield. 

§ (10) The Specific Heats of Silicates 
at High Temperature. — With the above- 
described apparatus White 2 has made an 
extensive investigation of the heat capacity 
of various silicates at high temperatures. The 
data obtained are summarised in Table I., 
from which the “instantaneous ” atomic heats 
havo been calculated by the procedure de¬ 
scribed below: 


Table I 


Interval Mean Atomic Heats 



0-100". 

0-300°. 

0-500°. 

0-700°. 

0-900°. 

0-1100°. 

0-1300°. 

0-1400°. 

Silica glass .... 

3-708 

4-272 

4-627 

4-870 

5-049 




Quartz .... 

3-755 

4-359 

4-784 

5-112 

5-217 

5-308 



Cristobalitc .... 

3-784 

4-689 

4-876 

5-042 

5-163 

5-276 

5-351 

5-388 

Anorbhite .... 

4-079 

4-590 

4-926 

«5" .144: 

6-322 

5-472 

5-038 

5-730 

Andesino .... 

4-012 


4-857 

5-080 

5-263 




Albite. 

3-960 

4-479 

4-805 

5-030 

5-207 

5-346 



Mieroclino .... 

3-971 

4-474 

4-801 

5-031 

5-200 

5-332 



Mieroeline glass . 

4-073 

4-591 

4-926 

5-100 

5-337 

5-510 



Pseudo-woliastonito . 

4-290 

4-758 

5-050 

5-256 

5-409 

5-534 

5-646 

5-097 

Mag. ail. amplubole . 

4-090 

4-024 

4-952 

5-182 

5-354 

5-490 



Mag. ail. pyroxene 

4-103 

4-047 

4-997 




0 - 1250 ° 


Diopside .... 

4-175 

4-097 

5-021 

5-252 

5-425 

5-560 

6-649 



Table H 

Instantaneous ” or True Mean Atomic Heats, that is, Heats at Different Temperatures 



0°. 

100". 

300°. 

4:00°. 

500". 

600". 

700°. 

800". 

900". 

1000°. 

1100°. 

1200°. 

1300°. 

Silica glass 

3-33 

4-05 

4-95 

5-17 

5-35 

5-48 

5-58 

5*68 

5-75 





Quartz 

3-37 

4-1 

5-1 


5-9 


5-46 

5-58 

5-00 

5-72 




(Tistobalito 






5-46 

5-55 

5-62 

5-67 

5-72 

5-77 

5-82 

5-86 

Anorthitc . 

3-74 

4-3!) 

5-22 

5-43 

5-58 

5-09 

5-82 

5-95 

0-04 

0-14 

0-31 

6-54 

6-82 

Andesitic . 





6-53 

6-00 

5-78 

5-89 

. . 



Albite 

3-01 

4-28 

5-10 

5-31 

5-46 

5-59 

5-71 

5-83 

5-91 

5-97 




Mieroeline 

3-04 

4-27 

5-09 

5-30 

5-47 

5-61 

5-72 

5-79 

5-80 

5-92 




Mieroeline glass 

3-73 

4-38 

5-22 

5-44 

5-61 

5-75 

5-85 

5-95 

6-11 

0-34 




Wollastonito . 









6-11 





Pseudo-w( illastc mite 

3-98 

4-58 

5-32 

5-50 

5-65 

5-77 

5-87 

5-95 

6-02 

6-10 

0-18 

6-26 

0-33 

Diopside . 

3-82 

4-49 

5-32 

5-52 

5-09 

5-83 

5-94 

6-03 

6-10 

6-17 

0-24 



Mag. nil. amplubole 
Nernsfc - Lindemann 1 

3-73 

4-42 

5 26 

5-46 

5-62 

6-76 

5-87 

0-96 

6-04 

6-13 




formula for silica - 
glass ) 



4-95 


5-35 


5-65 


5-67 

5-71 

5-75 


6-80 





Quartz at 650°.. 6-3. 







1 “ The Specific Heat of Iron at High Tempera 
turea,” Proc. Pfojs. Soc. xix.; Phil. Mag., Oct. 1905. 

VOL. I 


* “ Silicate Specific Heats,” second series, Am. 
Journ. of Science, Jan. 1919, xlvii. 
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For convenience the values are given as 
atomic heats, but can, of course, be readily 
converted back into specific heats by the use 
of the data given in Table III. 

Table III 

Mean Atomic Weights, or Molecular W eights 
divided by the Number or Atoms, used 
as Multipliers to reduce Specific Heat 
to Mean Atomic Heat 

Silica. f.} 

Calcium metasilicate ••••"'* ~( 
Magnesium mefcasilicato . • - -0-1L 

Diopside • - - • • - 

Anorthite. 

Andesine. 

Natural albite." ^ 

Natural microclino . • • .21-23 

The method of experiment gives the mean 
specific heat over a wide range of temperatuie 
and is not suitable for giving with accuracy 
the true specific heat, if this changes rapidly 
with temperature, as is the ease at very low 
temperatures. At high temperature,, however, 
the relation between specific and temperature 
is practically linear, hence it is possible to 
calculate the “ instantaneous ” or true specific 
heats with fair accuracy, as follows : 

If the interval specific heat is sufficiently well 
expressed by polynomial equations with 5 constants, 
A + B0+C0 1 , etc., where 6 is centigrade temperature, 
the total heat from 0° 0. up is A0 + B0- + C0 3 , etc., 
and the true specific heat at any temperature, which 
is the differential of the total heat, is A+2B0 + 3C0 2 , 
etc., so that the quantity which must be added to the 
mean specific heat to get the true heat is 
B0+2C6> 2 +3D0 3 +4E0 4 . 

But in a series of 4th- degree polynomials each first 
difference is 

BP + 2CP0 +DP (3tf 2 + j) + EP(40 3 + 0P 2 ); 

each 3rd difference is ODP 3 + 24EP 3 0, where P is the 
temperature interval between each two successive 
values in the series. It follows at once that by sub¬ 
tracting X r of the 3rd difference from the 1st, 
and then multiplying by 0/P, the difference of true 
and interval heats is obtained. The method is 
exactly equivalent to obtaining a series of 4th- 
degree equations and thus computing the true 
specific heat, but is much easier. 

For quartz and silica glass the values of 
the interval specific heat to 100°, 300°, and 500° 
satisfy the expressions 

Quartz 

0-1685 + 0-0001940 - O-OOOOOO110 2 . 

Silica Glass 

0*1670 + 0-0001890 - O-OOOOOO1250 2 . 

§ (11) Low Temperature Appliances.— 
Nernst, Lindemann, and Korcf 1 in their 

1 Nernst, lindemann, and Korcf, Ki'mglicfie 
Preussische Akademie der Wissenschafien zu Berlin, 
Sitzungsberichte, 1910; Koref, Anmten der Physik, 
1911 (4), Xxxvi. 49. 


experiments at low temperatures cooled down 
the substance under test in a quartz vacuum 
vessel, through which passed a tube open at 
both ends, as shown in Fig. 11. This tube 
was surrounded by liquid air or 
a mixture of alcohol and solid " 7 
C0 2 . The device is operated as n - ; n 
follows: As soon as the equi- ; j 

librium of temperature has been j 

obtained it is placed over the : 

calorimeter. A slide is opened 
and the contents, suspended on a | 

thread, are let down into the | 

calorimeter. || 

Instead of the expensive quartz 
vessel the following simple device j 

may also be used ( Fig. 12). In U JJ 
a large test tube A is placed a 2s . , 

tube J, somewhat enlarged at the ===fe:: Tl 
bottom and closed at both ends fig. 11. 
by means of rubber stoppers. 

Inside of it is a silver vessel, with the sub¬ 
stance and the thermoelement suspended by 
a thread. The test tube is immersed in 
the constant temperature bath. The time 
required to obtain the equality of temperature 
may be shortened by passing through a slow 
current of dry . 

hydrogen, which \ r, . 

flows into the outer **.r-© 

vessel through a |_j 

small channel in the HII j 

lower cork and then j w 

into the air through * 

the cotton-wool. To '' ; 

bring the substance w l tm? 

into the calorimeter ■ 

the whole device is ; 

brought into the I 

neighbourhood of { 

the calorimeter, 

which is then opened. A ; A • 

The inside tube J 
is rapidly removed 
from the test tube, 
the lower cork taken \ i 1 ’ 

away, and the other Jb 

one slightly lifted ip 

so as to allow the U K 

. container to drop i|p 

into the calorimeter. p||$ 

The whole manipuia- nfl 

tion takes about \ j , | „|.J 

three seconds. In 
that time the sub- fig. 12. 

stance is only slightly 

warmed up. With liquid air, for instance, it is 
claimed that the heat loss is hardly 1 per cent. 

§ (12) The Thermal Unit and the Varia¬ 
tion op the Specific Heat of Water with 
Temperature. —It is customary to express 
heat quantities in terms of the heat capacity 
j of water for 1° change of temperature, and 
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since this heat capacity is now known with 
accuracy in terms of the primary units— 
centimetre, gram, second—it is possible to 
express heat quantities in “ergs” by the use 
of an appropriate factor. 

For a long time it was not fully realised 
that the specific heat of water varied with 
temperature, and consequently the practical 
heat unit varied with the range of temperature 
through which the water was heated when 
employed as calorimetric medium. Even 
when it became apparent that the specific 
heat could not be .regarded as constant the 
data published as to the magnitude of the 
variation were so conflicting that the experi¬ 
menters were compelled to neglect them in the 
reduction of their observations. 

In later years the work of Rowlands (1879), 
Bartoli and Stracciati (1891), Griffiths (1893), 
Ludin (1896), Callendar and Barnes (1902), 
has proved conclusively that the form of the 
specific heat-temperature curve is that shown 
in Fig. 13, and that there is a minimum value 
at 35° to 40° 0. 

Hence the calorie is only fully defined when 
the particular degree (1° C.) of temperature 

4-242 . 

il 

4-200J | 
4-153 

0° 20° 40° 60° 80° 100° 

Fig. 13. 

is specified through which unit mass of water 
is heated. Professor E. H. Griffiths has 
pointed out that the calorie between 17° and 
18° 0. is equal to the mean calorie betwoon 0° 
and 100°. So that the specific heat of water 
between 17° an 18° 0. might be considered as 
a suitable unit for calorimetry. 

Callendar adopts 20° C., and suggests that 
the calorie be defined not as the heat required 
to raise one gram of water from 19-5° to 20-5°, 
but as the mean value between 15° and 25° of 
the quantity of heat required to raise one 
gram of water 1° 0. 

Whilst it would be a great convenience if 
experimenters would adopt a common unit, 
it is of greater importance that they should 
state the unit employed when the accuracy 
of their work is such as to justify taking into 
consideration the variation in the heat capacity 
of water. 

§ (13) Metallic Block Calorimeters, (i.) 
Nernst .—A calorimeter in which the usual 
vessel of liquid is replaced by a heavy copper 
block has been employed by Nernst, Linde- 
mann, and Koref for- specific heat determina¬ 
tions. The block is hollowed out and the 
material dropped into its interior. Owing to 
the good thermal conductivity of copper it 
has practically the same temperature through¬ 


out, and the temperature changes of the block 
are determined by means of thermoelements. 
To obtain heat insulation the block is inserted 
into a Dewar vacuum vessel. The %arrange- 
ment is shown in Fig. 14. The block K 
weighs about 400 grams. It is desirable to 
have good thermal contact between the copper 
block and the inner surface of the glass vessel 
which has to be made as thin as possible. To 
ensure this the block is fixed in the vacuum 
vessel by means of Wood’s fusible alloy. 

In the diagram T are the thermoj unctions. 
The junctions of the thermoelements are in¬ 
serted into thin-walled glass tubes which are 
fixed in holes in the block by means of fusible 
alloy. Good contacts between junctions and 
the tubes are also obtained by the use of alloy. 
The other junctions are in a 
ring-shaped copper block 0 
by which the vacuum vessel 
is closed at the top. Through 
the middle of the block passes 
a glass tube R, through which 
the substance is dropped into 
the calorimeter. This tube 
can be closed by means of a 
slide as shown. The whole 
apparatus is submerged in a 
constant temperature hath, 
usually ice or solid C0 2 , and 
the temperature thus main¬ 
tained constant. To keep the 
apparatus water-tight a sheath 
of copper foil is soldered round 
as shown. To prevent the 
heated air from rising up in 
the calorimeter, which means 
a loss of heat after the sub¬ 
stance has been dropped in, 
some cotton-wool is placed 
on the top of the silver vessel 
so as to just close the hole 
in a copper block after the pp 

material has been dropped in. 

In their experiments the temperature 
changes of the calorimeter usually amounted 
to from 3° to 0°, giving a galvanometer 
deflection of 46 to 90 divisions. The apparatus 
must be calibrated by moans of a substance 
whose specific heat is exactly known, and this 
was attained by using water for high, and load 
for low, temperatures. The calibration had 
to be repeated from time to time in order to 
eliminate small errors. 

(ii.) Fen/. —P6ry 1 has applied the metallic 
block method to the design of a' bomb calori¬ 
meter and constructed a direct reading instru¬ 
ment. The bomb in which the combustion 
takes place is a nickel-lined, thick-walled vessel. 
It is supported by two discs of oonstantan, 
the disc being soldered to the bomb and also 

1 Engineering, Sept. 20, 1912 ; Electrician, Sept. 
13, 1912. 
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to the nickel - plated surrounding vessel B 
{Fig. 15). The constantan supporting disc forms 
with the iron of the bomb the hot junction of 

a thermo¬ 
couple, the 
cold junc¬ 
tion being 
made be¬ 
tween the 
discs and 
the outer 
vessel B. 
The E.M.F. 
generated by 
the tempera¬ 
ture of the 
bomb is 
measured by 
the millivolt 
calibrated to 
read direct 



Tig, 


A, nickel-lined bomb of iron 3 } kilos, 
in weight; K,K', two constantan discs . . 

soldered to bomb and to nickel-plated m calories on 
copper surrounding vessel B; 0, quartz the assump- 

crucible - tion that the 

same weight of fuel is always burnt. 


The instrument has not yet been developed to a 
stage when it can be used for routine tests, several 
sources of error 
which influence 
the readings 
not having been 
eliminated. One 
important factor 
is the pressure of 
the oxygen in the 
bomb. Should the 
pressure be below 
that for which the 
instrument has 
been calibrated, 
combustion will 
become slower 
and beat loss due 
to radiation, etc., 
will be greater 
than that under 
normal con¬ 
ditions. A few typical curves illustrating this are 
shown in Fig. 10. 

§ (14) Specific Heat of Gages by the 
“Method of Mixtures.”— -When defining 
the specific heat of a gas it is necessary to 
specify the conditions under which the heat¬ 
ing takes place, since the change of volume 
with the rise of temperature is considerable 
under constant pressure, and the thermal 
equivalent of the external work done during 
expansion is a large fraction of the whole heat 
supplied during the change of temperature. 
Hence in the ease of a gas it is customary 
to speak of two specific heats: (1) at constant 
volume, and (2) at constant pressure. 

The earliest investigators to study the 
specific heat of gases were Lavoisier and La 



Fig. 16. 

Curve A, pressure of gas = 100 
lb. per sq. inch; curve B, pressure 
of gas = 150 lb. per sq. inch; curve 
C, pressure of gas = 200 lb. per sq. 
inch; curve 1), pressure of gas 
=250 lb. per sq. inch. 


Place, who employed a calorimetric method 
based on the measurement of the quantity of 
ice melted. Later, Delaroche and Berard 
made some careful experiments in which a 
uniform current of gas, heated at 100° C., by 
passing through a tube surrounded by a vapour- 
jacket, was cooled by passing through a spiral 
contained in the calorimeter. The method 
was essentially that of mixtures, and most 
of the subsequent investigators adopted this 
method with various modifications' to meet 
special requirements. Consequently, the pub¬ 
lished data are confined to the mean specific 
heat over a wide range of temperature. More 
recently Callendar and his associates have 
developed the method of electrical heating 
which permits of the determination of the true 
specific heat. 

Amongst the workers employing the method 
of mixtures Regnault stands pre-eminent. He 
brought to hear upon the subject his unique 
skill and experience of calorimetric measure¬ 
ments, -with the result that the data he ob¬ 
tained were accepted, almost without question, 
for the following half-century. There is, 
however, no doubt that the results given by 
Regnault were a little low, about 2-5 per cent, 
due to an inaccuracy in his method of deter¬ 
mining the heat conducted into the calorimeter 
along the pipe through which the gas flowed. 
Without describing in detail Regnault’s ap¬ 
paratus its essential features may he briefly 
reviewed. 

The gas was contained in a large reservoir, 
heated up by passing through a long spiral im¬ 
mersed in an oil hath, and thence led to the cal¬ 
orimeter. Care was taken to ensure a uniform¬ 
ity of flow of gas through the calorimeter under 
constant pressure, and independent experi¬ 
ments were made to ensure that the gas leaving 
the calorimeter had cooled to this temperature. 
Since it was assumed that the temperature of 
the gas entering the calorimeter was the same 
as that of the heater bath, precautions have 
to be taken to avoid loss of heat by the gas in 
passing from the bath to the calorimeter, and 
at the same time prevent as far as possible 
conduction of heat from the bath to the calori¬ 
meter along the connecting tube. 

The correction for the heat carried along 
this tube, which was made of low conductivity 
material, was deduced from observations of 
the change in temperature of the calorimeter 
without the gas flowing. This change of 
temperature is due to the combined effect of 
the conduction and the rate of heating or 
cooling of the calorimeter due to the difference 
in temperature between it and the surround¬ 
ings. 

If AO is the observed rate of change of tem¬ 
perature per unit time, then A 8 is equal to 
A — B(9, where 6 is the excess of the temperature 
of the calorimeter over that of the room. 
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The term A corresponds to the heat conducted I 
through the connecting pipe from the heater 
to the calorimeter, and Bti to the heat loss by 
radiation, etc., from the calorimeter. Each of 
these terms corresponded to about 5 per cent 
of the total energy supplied by the gas per 
minute. Regnault measured the constant A 
and B by noting the rate of rise of temperature 
of the calorimeter before and after the gas 
had passed through it. Swann 1 has pointed 
out that an error arises in assuming that the 
heat conduction through the pipe is the same 
when gas is flowing as when no gas is flowing ; 
in fact the hot gas keeps up the temperature 
of the pipe in the vicinity of the heater and 
reduces the temperature gradient. The result 
is that less heat is conducted from the heater 
into the pipe when the gas flows through than 
when no gas is flowing. Of course a great 
deal of heat is conducted by the pipe into the 
calorimeter when the gas is flowing, but the 
greater part of this comes from the gas itself. 
The fact that the average temperature of the 
pipe is higher when the gas is flowing also 
results in a greater radiation loss from the 
pipe. The error acts in the same direction as 
the other. 

Swann made some experiments to verify the 
above suggestion, and by attaching thermo¬ 
junctions to a metallic tube he showed that 
the gradient was affected by the flow along it 
and the results were of the magnitude required 
to account for the difference between his results 
and those of Regnault. 

In Regnault’s time there was a lack of 
knowledge concerning the variation of the 
specific of water with temperature, which, to¬ 
gether with uncertainty as to the absolute 
scale of temperature, might also cause an 
error of 1 per cent in his results. 

§ (15) Variation oe Specific Heat with 
Temperature and Pressure ( over Moderate 
Ranges). —Rcgnault’s observations cover the 
temperature interval from - 30° to 21.0° and 
pressures from 1 to 12 atmospheres. He found 
that the specific heat of the gases, air, oxygen, 
and hydrogen were independent both of the 
temperature and the pressure within the limits 
of the observations. 

The specific heat of C0 2 , on the other 
hand, showed a well-marked increase with 
rising temperature. Regnault’s work was 
repeated by Wiedemann, who confirmed his 
results. 

Witkowski investigated the specific heat of 
air at low temperatures from +100° to — 170°, 
and found that the specific heat was inde¬ 
pendent of the temperature but increased with 
pressure. He worked up to a maximum of 

1 “ Note on the Conduction of Heat along a Pipe 
through which Gas is flowing in its Relation to 
Measurements of the Specific Heat of Gases,” PM. 
Mag., Jan. 1913. 


70 atmospheres. The variations with pressure 
increased as the temperature was lowered. 

The method of mixtures is not suitable for 
the accurate determination of the pressure 
and temperature variation of the specific heat 
of a gas. 

More recent work by observers employing 
the electrical method has supplied data which 


Th Th 



supersede those obtained in the above - de- 
sc ri bed investigations. 

§ (16) Specific Heat op Gases at High 
Temperatures. 2 —Holborn and Austin, 2 and 
later Holborn and Henning, 4 have investigated 
the specific heat of gases up to 1200° 0, 
Their method is identical in principle with 
that of Regnault’s, but a special type of 
heater was necessary for bringing the gas to 
the high initial temperature. Their apparatus 
is shown diagrammatically in Figs. 17 and 18. 



2 

Fig. 18. 


(i.) Arrangement of Apparatus. The Heating 
Tube .—The gas was heated electrically in a 


a See also article “ Gases, Specific Heat of, at High 
Temperatures.” 

a Phys. Rev. xxi. No. 4. 

♦ Ann. der Physik, 1907, xxiii. 809. 
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nickel tube A, about a metre long and of 
1 mm. wall thickness, on which was wound a 
coil of nickel wire. The windings were insu¬ 
lated from the tube by asbestos. The gas 
was introduced at one end and was heated 
in the coarse nickel filings with which the tube 
was filled according to the plan of E. 
Wiedemann. At three-fourths of its length 
the tube was closed by a disc silver-soldered 
in place, and the gas was led out through a 
side tube into the calorimeter. In this way 
the influence of the cool end of the tube was 
eliminated. Otherwise it was found out that 
the gas in passing through the cool portion 
gave up so much of its heat that its tempera¬ 
ture varied in a marked degree with the rate 
of flow. 

Opposite the outlet tube W a second nickel 
tube B was joined to the heating tube and 
through this a platinum platinum - rhodium 
thermoelement T was introduced. This 
passed through the heating tube A, which at this 
point was kept free from nickel filings by the 
dividing wah M on one side and a disc of wire 
net on the other. The thermo junction lay in 
the outlet tube W, 1 cm. from its free end. 
In this space a thin silver band bent in the 
form of a screw was inserted to prevent 
radiation of the thermo junction to the cool 
calorimeter. The thermoelement consisted of 
wires 0-25 mm. in diameter, which were insulated 
through the greater part of the tube JB with 
thin porcelain tubes. The hot junction of the 
thermoelement, which was hardly thicker than 
a single wire, was left bare. 

Special care was taken that the end of the 
thermoelement should not come in contact 
with the tube wall. In one portion of the 
work this was attained by supporting the 
flexible end of the element on a hit of mica 
of the same width as the diameter of the tube. 

The platinum band, which was intended 
for the protection of the thermoelement from 
radiation from the tube wall, also served to 
protect the quartz from the nickel oxide 
which was carried along with the gas current 
in minute quantities from the filings in the 
heating tube. Otherwise this after a t.imA 
became opaque and disintegrated. 

A secondary beating coil of nickel wire was 
placed on the tube B, to compensate for 
the loss of heat by conduction through the 
two side tubes and for the loss of one turn of 
wire on the main coil where the side tubes 
were attached. 

(ii.) The Calorimeter.—The calorimeter K of 
about 0-5 litre capacity was made of pure 
silver 0-5 mm. thick (Figs. 17 and 18). In its 
centre were situated three silver tubes 1-5 cm. 
in diameter, filled with silver filings and 
connected by 0-5 cm. silver tubes. These 
absorbed the heat from the gas as it passed 
through. That the gas actually issued from 


the calorimeter at calorimetric temperature 
even when heated to the highest point (800°) 
was made certain by tests with a conatantan 
copper thermoelement. 

Later experiments by Holborn and Henning 
were made by a similar method with a platinum 
heating tube which extended the temperature 
range to 1400° C. The calorimeter necessarily 
gains some heat from the heating tube, and 
this gain, in the later experiments, was partly 
compensated by surrounding the calorimeter 
with a jacket maintained at a much lower 
temperature. 

This compensation was found necessary at high 
temperature in order to prevent an excessively 
rapid rise of temperature of the calorimeter: but 
although it reduces the apparent magnitude of the 
correction required, it does not diminish the actual 
amount of heat transferred and does not reduce the 
uncertainty of the correction. The magnitude of 
the eSect at high temperatures may be judged from 
the fact that it was found necessary, in the experi¬ 
ments at 1400° G., to maintain the jacket at as low 
a temperature as 40° 0. by passing a stream of cooling 
water through it in order to prevent the calorimeter 
rising above 115° C. when no gas was passing. Under 
such conditions the calorimetric corrections become 
so uncertain that the probability of systematic 
errors must increase considerably with rise of tem¬ 
perature. 

The rate of increase of the mean specific 
heat of nitrogen at atmospheric pressure 
between 840° and 1340° 0., shown by the later 
experiments, was about double that found 
in the earlier series. Both series of experi¬ 
ments could be represented within the limits 
of probable error by the linear formula 

' S oi = -2350(1 + -000080- 
It appears probable, however, that the value 
of the specific heat at 0° G. given by the 
formula is too low and that in the ease of 
nitrogen the rate of increase is not uniform, 
but increases with rise of temperature to some 
extent. 

(hi.) Possible Sources of Error .—Since the 
temperature of the hot gases was determined by 
a thermocouple near the entrance to the calori¬ 
meter, and the time of flow of the gas was 
only three minutes, there appears to bo some 
doubt whether the couple gave the true mean 
temperature of the inflowing gas, and also 
whether the loss by radiation from the couple 
was properly corrected for. The value of the 
mean specific heat of air over the range .150° 
to 270° C. by Holborn and Henning was 
■2315. This is about 5 per cent smaller than 
the probable value over this range. The rate of 
increase shown by the experiments was within 
the limits of probable accuracy of the work. 

§ (17) Specific Heat of Steam.— Rcgnault’s 
value, 0-475 for the specific heat of steam at 
atmospheric pressure over the range 125 to 
225° C. was obtained by taking the difference 
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between the total heats of steam, superheated 
to these temperatures, as observed by condens¬ 
ing the steam in a calorimeter. Since the 
difference, corresponding to 100° superheat, 
is only -^th of the total heat measured in 
either case, it is evident that the method might 
give rise to large errors. For this reason many 
writers have preferred to deduce the specific 
heat of steam theoretically in various ways 
from Regnault’s value of the rate of change 
of the total heat of saturated steam, namely, 
0-305 cal. per 1° 0., which, as Callendar 1 has 
pointed out, is subject to the same source of 
error in an aggravated form. Thus Zeuner 
gives S =0-568; Perry, S =0-306 at 0° C. to 
0-464 at 210° C. ; Grindley, 0-387 at 100° G. 
to 0-665 at 160° C. 

A direct measurement of the specific 
heat of steam by Brinkworth, 3 employing 
the continuous electric method devised by 
Callendar, gave S =0-484 at 108° G. Subsidi¬ 
ary experiments by Callendar in conjunction 
with Professor Nicolson, by the throttling 
calorimeter method, enabled the variation of 
the specific heat with pressure to be calculated. 

These gave the formula 

/VTH\ 3.3 

S = 0-478 + 0-0242$ j , 

where p is the pressure in atmospheres. The 
approximate constancy of the limiting value 
0-478 of the specific heat at zero pressure 
over the range 0 to 200° C. was verified by 
calculating the corresponding values of the 
saturation pressure, which were found to 
agree accurately with Regnault’s observations 
over the whole range. The theory was also 
verified by a measurement of the ratio of the 
specific heats of steam by Makower, 8 which 
gave values 1-303 to 1-307, agreeing closely 
with that deduced by Callendar. 

The experiments of Lorenz * and Knoblauch 
and Jacob and Linde 5 afforded a remarkable 
verification of the theory of the variation of 
the specific heat witli pressure. They found the 
specific heat at 1 atmosphere to be practically 
constant over the range 100° to 300°, hut their 
value, namely, 0-463, is decidedly lower than 
Regnault’s. 

Holborn and Henning 6 in their experiments 
on the specific heat of steam at atmospheric 
pressure, improved Regnault’s method by 
employing an oil calorimeter at 110° 0 so 
as to avoid condensing the steam in the 
calorimeter. They determined the ratio of 
the specific heat of steam to that of air by 
passing currents of air and steam in succession 
through the apparatus under similar condi- 

1 Report of B.A. Committee on Gaseous Explosions, 
1008, from which the above is abstracted. 

2 Phil. Trans. Roy. Soc., 1915, eexv. 383-438. 

3 Phil. Mag., Fob. 1903. 

4 Forsch. Ver. Deut. Ing., 1905, xxi. 93. 

3 Loo. cit. pp. 1 and 35; 1906, p, 109. 

“ Ann. Pkys., 1905, xviii. 739. 


tions, and obtained the following values of 
the ratio for different intervals of temperature : 


Temperature Interval. 

Itatio/Steain. Air. 

110-270° 

1-940 

110-440 

1-958 

110-620 

1-946 

110-820 

1-998 


In their subsequent series with a platinum 
heating - tube at higher temperatures they 
obtained the following ratios : 


Temperature Interval. 

Itatio/Stcavn. Air. 

115-826° 

1-900 

115-1180 

1-973 

115-1324 

2-003 


The second series appears to make the ratio 
about 5 per cent lower at 110-820° than the 
first, which suggests the possibility of constant 
errors depending on the type of apparatus em¬ 
ployed or on the velocity of the gas current. 
The experiments of Callendar and Swann 
would make the ratio 2-05 at 100° C. This is 
higher than any of the values obtained by 
Holborn and Henning at 1400° C. 

Holborn and Henning point out that their 
results at 1400° C. cannot be reconciled in 
the case of steam and C0 2 with any of the 
results of explosion methods. They are 0 per 
cent to 13 per cent lower than Langen’s, 
which are among the lowest. But, having 
regard to the fact that the constant-pressure 
method which they employed appears to give 
results so much lower than July’s or Callendar’s 
methods at ordinary temperatures, and that 
the experimental difficulties increase so greatly 
at higher temperatures, it does not seem at all 
improbable that a considerable part of the 
discrepancy is to be attributed to systematic 
errors of the constant-pressure method. 

§ (18) Spbooto Heat of G(V— The specific 
heat of C() 8 is of great theoretical interest 
in view of the considerable increase shown at 
ordinary temperatures. The table below gives 
the results obtained by various observers ; 


Temperature. 

Itugnault. 

Wiedemann. 

Swann. 

Holborn. 

0° 

0-1870 

0-1052 

0-1973 

0-2028 

100 

0-2145 

0-2169 

0-2213 

0-2161 

Increase 

0-0275 ' 

0-0217 

0-0240 

0-0133 


It may also be remarked that the varia¬ 
tion of specific heat with density observed by 
July 7 agrees very closely with that calculated 
by Callendar 8 from the experiments of Joule 
and Thomson on the cooling effect on expan¬ 
sion. :r. o. 

7 “ Calorimetry, Change of State,” § 5. 

8 Phil . Mag ., 1903. 
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CALORIMETRY, QUANTUM THEORY 

The Variation oe Specific Heat with 
Temperature 

§ (1) The Variation of Atomic Heat.— 
The discovery by Dulong and Petit in 1819 
of the empirical law, that the product of the 
atomic weight and the specific heat is approxi¬ 
mately the same for all elements, proved to be 
of the greatest practical utility to chemists 
when assigning atomic weight values to newly 
discovered elements; and further, the simplicity 
of the law directed attention to the possibility 
of arriving at it from theoretical considerations 
of conceivable atomic structures constituting 
a solid. The mean value for the constant was 
determined by Regnault as 6-38 with extremes 
of 6-76 and 5-7. According to the kinetic theory 
of matter it is easy to see why a relationship 
of the form discovered by Dulong and Petit 
should exist. We suppose that the atoms are 
bound together by interatomic forces tending 
to bring them to positions of equilibrium 
about which they oscillate; then in this case 
the total energy of an atom is half-potential 
and half-kinetic; for the principle of equi- 
partition of energy is assumed to be valid. 
Now in the case of a monatomic gas the energy 
is all kinetic, and proportional to the absol¬ 
ute temperature. Therefore the atomic heat 
should be half as great in the gaseous state 
as the solid state. The kinetic energy of a 
gramme molecule of a monatomic gas is kRT, 
where R is the gas constant which has the 
value 1-985. Hence, on the supposition that 
a monatomic solid body is built up of atoms 
each with 3 degrees of freedom, the energy 
content is 3RT, and from this the atomic heat 
at constant volume is obtained by differentia¬ 
tion with respect to T giving for the atomic 
specific heat the value 3R or 5-955. 

It might be remarked in passing that the above 
equation, according to Boltzmann, is applicable to 
the case of crystals which have at the points of their 
space-lattice molecules of any degree of complexity, 
provided that the internal forces acting on each 
atom are proportional to the distance of the latter 
from its equilibrium position, or more generally are 
linear functions of the change of its co-ordinates. 

Hence the Dulong and Petit generalisation 
is consistent with the atomic theory of matter 
and the equipartition theory of energy. 

For nearly a century, however, the excep¬ 
tions to the law—carbon, boron, and silicon— 
proved to be an enigma which defied solution. 
As far back as 1872 Dewar 1 and Weber, 2 
working independently, showed that as the 
temperature increased the specific heat of 
carbon, whether as diamond or as graphite, 
continued to increase. Weber concluded that 
the specific heat of diamond is tripled when the 
temperature is raised from 0° to 200°. 

1 Phil. Mag., 1872, xliv. 401. 1 Ibid. p. 251. 


Dewar’s experiments showed the specific 
heat of carbon between 30° 0. and the boiling- 
point of zinc (918° C.) was 0-32. 

Some three years later Weber 3 published 
results of further experiments, and proved 
that from 600° C. upwards the specific heat 
of carbon ceased to vary with increase of 
temperature and became comparable with that 
of other elements. Further, the difference 
between the specific heat of different modifi¬ 
cations disappeared. By plotting his results 



Weber showed that the specific heat tempera¬ 
ture curve was of the form of an old English /, 
He found a point of inflection for diamond at 
about 60° 0., and that for graphite 0° 0. 

Recent researches have shown that the 
curve obtained by Weber is typical of all 
materials when the range of temperature 
investigated is sufficiently large. 

By his development of the technique of low 
temperature research Dewar was able to 



pursue the subject to still lower temperatures, 
and the results for carbon obtained up to 
1912 arc shown graphically in Fig. 1 . More 
recent research by various investigators 
employing the electrical method has shown 
that the general form of the atomic heat 
temperature curve closely resembles the curve 
of magnetisation of a ferromagnetic substance 
under a steadily increasing magnetic force, 
with its very gradual beginning, its subsequent 
rapid rise, and its final asymptotic approach 
to a limiting value. A few typical curves are 
shown in Fig. 2, the C„ curve being obtained 
by calculation from C„ and the value of C„ -- f! (J . 
s Phil. Mag, 1875, Ser. 4, xliv. 285. 
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§ (2) The Quantum Theory Explanation. 
—No satisfactory explanation of these facts 
was forthcoming until the development of 
the Quantum theory and its application to the 
problem of specific heat by Einstein, 1 Nernst 
and Lindemann, 3 4 Debye, 3 and others. 

These physicists developed formulae con¬ 
necting the specific heat of a solid at constant 
volume with the gas constant R, the quantum 
constant h, the frequency v, and the absolute 
temperature T. Debye’s formula involves a 
quantity v m , the maximum value of the 
frequency which can occur. 

In the formulae quoted below |3 is written 
for the quantity h/ R. 

For further details reference should be made 
to the article “ Quantum,” Vol. IV. 

The specific heat formulae found are 


C,=3R (£)" 
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In the last expression v is written for v m for 
simplicity. 

Specific heat is measured at constant 
pressure. Thus to compare with the theory 
the experimental results need correcting by 
means of the formula 

n n wa 2 eT 

Ojj ”** “ .... ) 


where a is the coefficient of cubical expansion, 
e the coefficient of volumetric elasticity, w 
the atomic weight, p being the density. 5 6 * 

§ (3) Experimental Test of Formulae. 
—E. H. Griffiths and Ezer Griffiths 8 tested 
the above formulae by means of their experi¬ 
mental data for the metals over the range 
120° C. abs. to 400° C. abs. 

They found that no one of the formulae was 
capable of representing exactly the experi¬ 
mental results over the entire range of 
temperature, even when the values of v were 
chosen so as to bring the calculated values of 
the atomic heat into coincidence with the 
experimental values at one temperature (about 
125° 0. abs.). 


1 Ann. d. Phys., 1907, xxii. 180-800. 

3 Berlin Sitzungsber., 1911, p. 494. 

3 Ann. d. Phys., 1912, xxxix. 789. 

4 The letters E., N. & L., D. denote Einstein, MTernst 

and Lindemann, end Debye respectively. 

6 See “Thermodynamics,” § (48). 

8 Phil. Trans. Hoy. Soc. A, 214. 


The results are given in Table I. 

Table I 

Comparison of the Experimental Results with 
the Formulae of Einstein, Nernst and 
Lindemann, and Debye 

Column I.—T, absolute temperature. 

Column II.—Cj,, from the smoothed curves through 
experimental points. 

Column III.— C p . calculated value from Einstein’s 
formula (E.). 

Column IV.—0„, calculated value from Nernst 
and Lindemann’s formula (N. and L.). 

Column V.—C P , calculated value from Debye’s 
formula (D.). 

The values of (iv are given at the top of the columns. 


T. 

C 2 ,(obs.). j 

0,, (IS.). 

%(NjsL.). 

C,, (I).). 

Aluminiu 

M. /3 

r =202. 

Sr =385. /3 

r to = 885. 

35° 

0-33 

0-12 

0-37 

0-35 

80 

2-27 

2-18 

2-40 

2-35 

140 

4-20 

4-20 

4-20 

4-28 

200 

5-14 

5-12 

5-10 

5-10 

250 

5-53 

5-49 

5-47 

547 

300 

5-81 

5-75 

5-74 

5-74 

380 

0-13 

0-02 

0-01 

(5*01 

Copper. 

£ 

r =222. 

fiv =285. 286. 

33-4° 

0-54 

0-30 

0-82 

0-71 

88 

3-38 

3-00 

3-74 

3-70 

120 

4-58 

4-52 

4-58 

4-57 

200 

5-44 

5-46 

547 

547 

280 

5-80 

5-78 

5-SO 

5-80 

300 

0-02 

5-90 

64)1 

04)1 

Zinc. 

fiv = 100. 

fiv =210. /3i/„i=--210. 

30° 

0-95 

0-84 

1-30 

343 

80 

4-09 

4-33 

4453 

4453 

130 

5-31 

5-32 

5-31 

6451 

200 

5-78 

5-70 

5-77 

5-77 

280 

0 •02 

0-00 

64)1 

64)0 

300 

0-21 

649 

(Mi) 

6-19 

Silver. 

fiv = 157. 

jiv -207. jiv m -- 207. 

35“ 

1-68 

140 

1-80 

1454 

85 

4-42 

4-50 

4-53 

4-53 

120 

5-20 

5-23 

5-21 

5-21 

200 

5-84 

5-73 

5-78 

5'78 

280 

0-01 

0-01 

64)1 

(54)1 

300 

(M0 

(MO 

646 

(5-15 

Cadmium. fiv -112. 

fiv = 143. fiv m “ 144. 

60° 

3-46 

4-02 

440 

440 

115 

5-60 

6-59 

5450 

5-60 

160 

5-87 

5-85 

5'80 

5-86 

200 

5-99 

5-97 

5-99 

5-99 

360 

0-39 

0-33 

0454 * 

0454 
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Table I— continued 


T. 

C|,(obs.) 

C,,(E.). 

O y ,(N.& L.). 

CL(D.). 

Lead. 


/3r = 08. 

/3r — 92. 

?r m =94. 

23° 

2’Dli 

3-03 

3-08 

2-94 

80 

542 

5-75 

0-05 

5-04 

120 

5'93 

5-93 

5-91 

5-91 

200 

G'10 

043 

643 

643 

280 

0'2S 

0-28 

6-28 

6-28 

3G0 

645 

0-45 

645 

645 

Sodium. 

IP 

11 

CD 

/3r = 152. j3v m —152. 

00° 

3-50 

3-87 

3-98 

3-95 

120 

5-02 

5 '02 

6-64 

5-04 

200 

647 

0-02 

6-04 

6-02 

320 

6-78 

6-36 

6-36 

6-36 

300 

7-32 

643 

643 

643 

Iron. 

/3r =286. 

/3k=370. 

50° 

0-98 

0-65 

140 

0-98 

140 

4-28 

4-28 

4-20 

4-29 

220 

545 

0-24 

6-21 

5-21 

300 

6-03 

5-62 

501 

5'G1 

380 

6-37 

5-82 

5-82 

5-82 


Note .—Cu was obtained toy calculation from the 
formulae und the calculated value of C P ~C V added. 


It will be observed that, generally, near the 
boiling - point of liquid hydrogen, about 30° 
abs., Einstein’s formula gives values which 
are too low; from Nernat and Lindemann’s 
the values are too high ; while Debye’s formula 
gives values which are in fair agreement for 
Al, Ag, Zn, and Pb, and, in the case of other 
metals, it agrees with the experimental 
values better than either Einstein’s or Nernst 
and Lindemann’s. At liquid air temperatures 
all three formulae give values which are too 
high. 

It is of but little use to calculate the appropriate 
values of v from the olastio constants of the metals, 
since these constants are considerably influenced 
by the nature of the previous heat treatment and of 
tho temperature. But it might be remarked that 
the values calculated from tho elastic constants are 
in accordance with those required by the atomic 
heat results as shown by tho data in Table II. 

Table II 

Comparison or Frequencies obtained by Cal¬ 
culation from the Physical Constants 
with the Values assumed in Debye’s 
Formula. 

Frequencies x 10“ 12 


Motu.1. 

Al, 

Fo. 

Cu. 

Ag. 

Oil. 

I’ll. 

v m (atomic heat) . . 

8*2 

8-0 

6-7 

4-5 

8-5 

1*9 

m (elastic constants) 

8-3 

9-7 

0-8 

4.4 

3-5 

1-5 


The above comparison of the frequencies shows 
that the values obtained from the specific heat 
equations are in fair agreement with those calculated 
from the elastic constants. 

§ (4) Application op Debye’s and Ein¬ 
stein’s (Formulae to the Non-metals.— 
Pure metals afford the most reliable data for 
testing heat theories, but t comparisons with 
the available experimental data for complex 
substances such as crystalline salts (NaCl, 
KC1, KBr, AgCl) and diamond are of great 
theoretical interest. 

One difficulty in making such comparisons 
is uncertainty in the value of 0 3) - C„ owing 
to the lack of data concerning the elastic 
constants. As data were not available for 
calculating Cj, - C„ from the thermodynamical 
relationship, 

n n wa^eT, 

P 

Nernst and Lindemann 1 obtained approximate 
values for Cj, - C„ by a different procedure. 


Table III 


Absolute 

Temperature. 

Cji - 

" Cu. 

a a ewt. 

<VTA. 


Aluminium 


324° 

0-24 

0-21 

354 

0-20 

0-23 

50 

Q'29 

0-26 

80 

0-31 

0-28 

100 

0-34 

O'30 


Coffer 


23-5 

0-15 

044 

27-7 

0-16 

045 

50 

0-18 

046 

70 

0-20 

047 

90 

. 0-22 

048 

110 

0-23 

049 


Silver 


35 

0-21 

0-25 

40 

0-23 

0'27 

60 

0-25 

0-29 

80 

0-27 

0-31 

100 

0-30 

0-34 

130 

0-32 

0-80 


Lead 


23 

0-35 

0'34 

28 

049 

0-37 

37 

0-43 

040 

50 

0-47 

043 

SO 

0-51 

046 

100 

0-55 

049 


They based their method of calculation on 
Gruneisen’s observation that the coefficient 


265* ™ orie ‘ du ra y°nnment et ks quanta, 1912, 
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of expansion is proportional to the atomic heat, 
and obtained the approximate relationship 

C B -C 0 = C, a TA, 

where A is a constant characteristic of the 
substance which can be deduced from measure¬ 
ments of the compressibility and coefficient 
of expansion made at one temperature. 

It is possible to test the validity of this 
formulae by comparing the data obtained 
from it with those given by the thermodynam¬ 
ical equation in the case of the metals Al, Ag, 
Pb, and Cu (see Table III.). 

Nernst tested the formulae of Nernst and 
Lindemann and of Debye on the data for 
diamond, and Table IV. summarises the 
comparison. 

Table IV 


Diamond j3v = 1800 for Debye’s. 

= 1940 for Nernst and Lindcmaim’s. 


Observin'. 

T. 


Diffiirimco. 

Obs. 

Cali!. 

(Pi-byo.l. 

Obs.-oalA 
( Poliy it) 

Obs.-calu. 

(N. anil I..). 

Nernst . 

88 ° 

0-028 

0-049 

-0-021 

+0-022 

» 

92 

0-033 

0-058 

-0-025 

+0-024 


205 

0-618 

0-61 

4 0-008 

0-00 


209 

0-602 

0-66 

+0-002 

+ 0-01 

„ • 

220 

0-722 

’0-74 

-0-018 

=0-04 

Weber . 

222 

0-76 

0-75 

+0-01 

-0-02 

Dewar . 

243 

0-95 

0-925 

+ 0-025 

-0-02 

Weber . 

262 

1-14 

1-10 

+0-04 

-0-02 


284 

1-35 

1-32 

+0-03 

-0-02 

, 3 . 

300 

1-58 

1-54 

+0-04 

-0-01 


331 

1-84 

1-82 

+0-02 

+0-01 


358 

2-12 

2-07 

+0-05 

+0-04 


413 

2-00 

2-61 

+0-05 

+0-11 

” • 

1169 

5-45 

5-49 

-0-04 

+0-04 


It will be observed that Debye’s formula 
gives an approximate representation of the 
experimental results. The Nernst and 
Lindemann formula gives values which are 
too low between 88° and 92° abs. In the 
case of Debye’s the differences exceed the 
probable error of experiment, the general 
trend being for Debye’s formula to give 
values which are too large at low temperatures 
and too small at high temperatures. In fact 
the decrease of atomic heat with decreasing 
temperature is more rapid than that given 
by Debye’s formula. Ewald made experi¬ 
ments on the mean atomic heat of diamond 
between 83'8° and 194-0° abs. and found the 
value 0-2119, so that the total energy 
difference between these temperatures is 
23-35 calories; the value calculated from 
Debye’s formula is 25-34. ICoref, employing 
the copper calorimeter described in “ Calori¬ 
metry, Electrical Methods,” § (13), found 
the mean atomic heat of diamond between 
193-8° and 270-0° to be 0-864, corresponding 


to an energy difference of 05-8. Debye’s 
formula gives 01-9 calorics for this interval. 

Polyatomic Substances. — The metals and 
diamond are regarded as monatomic struc¬ 
tures, whilst the molecules of graphite and 
sulphur appear to be compounds of several 
atoms since the atomic heat curve is for these 
much less abruptly curved towards the tem¬ 
perature axis. 

Nernst 1 has attempted to apply the formulae 
of Debye and Einstein to polyatomic sub¬ 
stances such as KC1, NaCl, etc. He assumes 
the heat vibration to be of two types: first, 
the vibration of the molecules as a whole in 
exactly the same way as the atoms of a 
monatomic body; and, second, the vibration 
of each atom about its position of rest. The 
vibrations of the atoms are interpreted as 
giving rise to the “ Reststrahlen ” discovered 
by Rubens. Since at low temperatures the 
vibrations of the atoms become much more 
regular, and accordingly the absorption bands 
narrower and more pronounced, it is assumed 
that Einstein’s function applies to the atomic 
vibrations. 

Hence for the representation of the atomic 
heat of the salts the expression is 

20 ,=r,(&) + i f ,(fc), 

in which I\, F a are the functions of Debye 
and Einstein respectively, iq the frequency 
calculated from the melting-point, 2 and r a 
that found by Rubens by means of the optical 
method, since these salts show one very sharp 
infra-red absorption band. 

Eor details of the comparison with experi¬ 
ment, reference should be made to the original 
papers already referred to. B. a. 


Calory or Calorie : 

The 15°.—The quantity of boat required 
to raiso one gramme of water through 
1° C. at 15° C. See “ Thermodynamics,” 
§ (2); “ Heat, Mechanical Equivalent of,” 

§ («)• ' , 

The 17°-5.—For some purposes the range 
from 15° C. to 20° C. is takon and the 
calorie defined at I7°-5. 

Gramme.—One-hundredth part of the heat 
required to warm one gramme of water 
from the melting-point to the boiling- 
point at a pressure of one atmosphere. 
See also “ Thermodynamics,” § (2); 
“ Heat, Mechanical Equivalent of,” § (9). 

Found.—A British unit of heat, being one- 
hundredth of the amount of heat required 
to raise one pound of water from the 

1 Theory of the Solid State (London Univ. Press). 

a Lindemann, Physik Zeitsch., 1910, xi, (109. Using 
the hypothesis that the melting-point is determined 
by the fact that at this temperature the amplitudes 
of the vibrations of the atoms around their positions 
of rest become commensurate with the atomic 
distances. 
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melting - point to the boiling - point at 
one atmosphere. See also “ Thermo¬ 
dynamics,” § (2). 

Cams, Kinematics of. See “ Kinematics of 
Machinery,” § (6). 

Canal Walls and Effect on Stream-lines 
of Moving Ship. Se.e “ Ship Resistance and 
Propulsion,” § (36). 

Carbon Dioxide, Latent Heat of Vaporisa¬ 
tion of ; determined by Mathias. See 
“ Latent Heat,” § (8). 

Carbon Monoxide, Specific Heats of; 
tabulated values obtained by Scheel and 
Heuse. See “ Calorimetry, Electrical 
Methods of,” § (15), Table IX. ■ 

Carnot’s Cycle. See “ Thermodynamics,” 
§§ (18 )j (40) ; “ Engines, Thermody¬ 

namics of Internal Combustion,” § (5). 

For a Perfect Gas. See “ Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (5), 
(6), (23) ; “ Thermodynamics,” § (18). 

For Steam. See “ Steam Engine, Theory 
of,” § (2). 

Carpentier - Hospitalier Indicator. See 
“ Pressure, Measurement of,” § (19). 
Cascade Method of Cooling ; introduced by 
Pictet. See “ Gases, Liquefaction of,” § (1). 
Cast Iron. See “Elastic Constants, Deter¬ 
mination of.” 

Crushing Strength, § (39). 

Effect of Temperature on the Transverse 
Strength. § (37) (ii.). 

.Tensile Strength. § (38). 

Testing—Transverse Test. § (37) (i.). 


CATHODE RAY MANOMETER 

Sir J. J. Thomson suggested the use of Piezo 
Electricity 1 as a means of measuring sudden 
pressures, and the method has recently been 
worked out by Dr. D. A. Keys. 2 Crystals of 
tourmaline are exposed to the action of the 
pressure and the electrical charge acquired, 
which is proportional to the pressure, is 
measured by a special form of cathode ray 
oscillograph. 

The amount of the charge is measured by 
tne deflexion of a beam of cathode rays which 
passes between two parallel condenser plates 
which receive the charge separated on the 
tourmaline crystals. 

The beam is also deflected in a direction 
at right angles to this electrostatic deflexion 
by a magnetic field applied parallel to the 
electrostatic field by means of an alternating 
current of known frequency, giving a time 
displacement, perpendicular to the electrostatic 
displacement. The beam falls on a photo- 
graphie plate, thus a charge time record is 
obtained, and since the charge is proportional 


| See article " Piezo Electricity,” Yol. II. 
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to the pressure this is equivalent to a pressure 
time record. The advantage of the method 
lies in the fact that the inertia of the moving 
part of the recorder, the beam of cathode rays, 
is negligible. 

The apparatus consists of two parts: (1) 
the pressure vessel, and (2) the cathode ray 
oscillograph. 

The pressure vessel is shown in Fit/. 1. It 
consisted in Dr. Keys’ experiments of a brass 
vessel AB, about 6 in. in diameter and If in. 
deep closed by a |-in. steel plate MK, held 
down by 12 bolts. The walls of tho vessel 
were J in. thick. A sparking plug L and a tap 
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Fig. 1. 


N are fitted in the steel cover. DE is a thin 
lead plate electrically connected to a copper 
wire which passes through an insulating plug 
G in the side of the vessel. 

Half of the tourmaline crystals, about 1 cm. 
in thickness, are attached by a little wax to 
the bottom of the vessel, the other half aw 
attached similarly to a steel plate HI. The 
lead plate DE separates these two sets of 
crystals, which are so arranged that all tho 



positive faces are in contact with tho lead 
plate. There are 5 or 6 crystals in each layer, 
die area of each crystal being about 12 sq. 'em. 
HI is fixed by steel screws to tho bottom of 
the vessel. The lower part of the vessel is 
filled with vaseline to delay the transfer to tho 
crystals of the heat generated by the explosion 
When pressure is applied above HI. iTS 
becomes positively charged and tho amount of 
c _ r ge * 8 P ro P°rtional to the pressure. 3 
The insulated wire EGF conveys the charge 
to the condenser of tho oscillograph. This is 
shown in Fig. 2. The eathodo rays are 
generated by the fine tungsten filament F, 

3 P. Curie, (Bums, p. io. 
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which is heated to incandescence by an 8-volt 
accumulator. The cathode ray tube GG is 
cemented into a brass sleeve BB which is 
soldered into a brass cylinder CC—the axis of 
this cylinder is at right angles to the paper. 
The rays enter the sleeve BB through a small 
hole 0, pass between the plates MN of a con¬ 
denser and then between the poles WW of the 
electromagnet and fall on a 
photographic plate N in the 
cylinder CC. The plate slides 
in a rectangular box within the 
cylinder and can be moved from 
outside. 1 A window Y in tho 
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Fig. 3. 

cylinder CO closed by a screen of willemito 
allows visual observations to be made when 
the plate is drawn aside and thus facilitates 
adjustment. The electromagnet is excited by 
an alternating current of known frequency, 
thus tho time scale is fixed. LL is a brass 
guard tube § in. in diameter. This guard tube 
and one of the condenser plates N arc con* 
nected to earth and to one polo of a direct 
current generator supplying a constant poten¬ 
tial difference of from 3000 to 5000 volts. 
The other pole of the generator is connected 
through a special double-action key S to the 
tungsten filament; the key also 
serves to fire the explosive mix¬ 
ture. The second plate M of 
the condenser is connected to 
the lead plate of the pressure 

-OX- 1 


• 01 -015 -02 *025 

Time, Seconds 

FIG. 4. 


apparatus. On depressing the key S tho 
cathode potential supplied by the direct 
current generator is first communicated to tho 
tube; a further motion of the key detonates 
the charge. The cathode rays aro deviated 
in a direction at right angles to the paper 
by the magnetic field,- and until the charge 
is fired trace a short vertical line on the 
photographic plate. The electrification of tho 
condenser plate M due to the pressure produces 
a deflexion of the rays in the plane of the paper 

1 Sir J. J. Thomson, Rays of Positive Electricity, 
1913, pp. 22-23, LongmanB, Green & Co. 


and thus the time-pressure curve is traced on 
the plate. Tho displacement of the spot 
depends on (1) the cathode potential and (2) 
the potential difference produced by tlio 
charge between tho plates of the condenser 
MN ; the apparatus requires calibrating for 
these. For the method of doing this reference 
should be made to Dr. Keys’ paper. 

Figs. 3, 4, 5, 0, taken by permission from his 
paper, give the results of some of his 
experiments ; tho effect of tho ud- 
ir dition of air in slowing down tho 
explosion of H a and 0 shown in 
Fig. 3 is very marked. With no 
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air (curve I.) tho maximum pressure of about 
220 lbs. per sq. in. is reached in less than 0-0002 
seconds. With some 60 per cent of air in tho 
mixture (curve Ill.f the maximum, pressure 
is reduced to loss than 00 per cent of its former 
value and tho rise continues for about 0-003 
seconds, or some fifteen times as long as 
previously. 

The curve A, Fig. 5, is a time-pressure 
curve for the explosion of gun-cotton under sea 
water ; it gives tho direct 
■••On wave, while curve B is due 

to the wave reflected from 
the bottom. Again in 
''Fig. 6, the effect of alter- 

_ 1 
§••20 
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Fig. 6. 

ing the distance of the charge from tho pressure 
vessel is shown. 


Cathode Ray OsaiDUKUtAHi. See Vol. II., 
“ Radio Frequency Measurements,” § (45). 
Cavitation. See “ Ship Resistance and Pro¬ 
pulsion,” § (48). 

Cement : 

Artificial and Natural Hydraulic Cement, 
Tests for Portland Cement. See “ Elastic 
Constants, Determination of,” § (155). 
Characteristic Equations for Tensile Tests on 
Cement and Mortar. See ibid. § (157). 
Setting Time. See ibid. § (158) 

Cement and Sand (Mortar) — Tension 
Testing. See “ Elastic Constants, Deter¬ 
mination of,” § (156) (ii.). 
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Cementing Materials — Classification. See 
“ Elastic Constanta, Determination of,” 
§ (152). 

Centigrade Scale oe Temperature : a 
scale, used in all modern thermometrio 
work, in which the numbers 0 and IOO corre¬ 
spond respectively to the freezing- and 
boiling-points of water, in each case at 
pressure of one atmosphere. See “ Thermo¬ 
metry,” § (2). 

Centrifugal Fluid Taciieometers : For 
measuring number of revolutions per unit 
time. See “ Meters,” § (4), Vol. III. 

Centrifugal Pumps. See “ Air - pumps,” 
§ (32) ; “ Hydraulics,” § (38). 

Channels, Hydraulic Flow in, and Best 
Dimensions op. See “ Hydraulics,” §§ (27) 
and (28). 

“ Characteristic Curve ” for geometrically 
similar structures of which the corresponding 
parts are made of the same material, and 
Non-dimensional Bases.’ See “Dynamical 
Similarity, The Principles of,” § (44). 

Characteristic Equation op State. See 
“ Thermodynamics, Definition of,” § (56) ; 
“ for Ideal Gas,” § (57). 

Charles’ Law on the expansion of gases 
under constant pressure states that 

« = i> 0 (l + at), 

v 0 and v being volumes at temperatures 0° 
and t°, where a is approximately constant 
(for the more permanent gases) and is called 
the coefficient of expansion at constant 
pressure; it has nearly the same value for 
all the more permanent gases. See “ Thermal 
Expansion,” § (14) (i.); “Thermodynamics,” 
§ (5); “Engines, Thermodynamics of In¬ 
ternal Combustion,” § (14). 

Ciiattock Gauge. See “ Pressure, Measure¬ 
ment of,” § (27). 

Chemical Pumps. See “ Air-pumps,” § (19). 

Chezy Formula for Hydraulio Losses in 
Pipes. See “ Hydraulics,” § (25) (i.). 
Practical form of same. See ibid. § (25) (iii.). 

Ciironometrio Instruments : For measuring 
number of revolutions per unit time. See 
“ Motors,” § (3), Vol. IIL 

Clapeyron’s Equation. See “ Thermo¬ 
dynamics,” § (41). 

Clark Cell, Value op E.M.F. op. See 
“ Mechanical Equivalent of Heat,” § (8). 
See also Vol. II., “ E.M.F., Standards of.” 

Class Variable : a non-dimensional group 
of terms connecting a class of problems 
possessing certain geometrical and dynamical 
similarities, the solutions of which are ex¬ 
pressible as functions of the class variable ; 
if the problem can be expressed, in terms of 
a differential equation, the solution is sought 
for as a power series in the class variable. 
See “ Dynamical Similarity, The Principles 
of,” § (49). 


Claude’s Modification of Linde’s Method 
for Liquefaction of Gases. See “ Gases, 
Liquefaction of,” § (1). 

Clausius’ Theorem : an advance towards 
the explanation of the departure of the 
behaviour of fluids from the laws of 
perfect gases. See “ Thermal Expansion,” 

§(19) (I). 

Clearance in Steam-engine Cylinders. 
See “Steam Engine, Reciprocating,” §(2) 
(viii.). 

Clerk Two-stroke Engine. See “Engines, 
Thermodynamics of Internal Combustion,” 
§§ (9), (34). 

COAL CALORIMETER 

Various forms of apparatus have been 
devised for determining the calorific value 
of eoal. In practically all the selected sample 
of coal is burned 
in oxygen ; the pro¬ 
ducts of combustion 
are passed into a 
known quantity of 
water at a known 
temperature, and 
the rise of tempera¬ 
ture is measured. 

Fig. 1 is an illus¬ 
tration of the Rosen- 
hain calorimeter as 
manufactured by 
the Cambridge and 
Paul Instrument 
Company. The 
instrument consists 
of two parts, the 
calorimeter proper 
containing the water 
and the combustion, 
chamber in which 
the sample is burned. 

The combustion 
chamber is formed of a glass lamp chimney 
closed at the top and bottom by metal clamp¬ 
ing plates, separated from the glass by rubber 
washers and held together by clamping screws 
on three uprights fixed to the lower plate; 
the wires connected to the electric ignition 
arrangement pass through the upper plate and 
also a tube for the supply of oxygen. The 
whole chamber is immersed in the water of the 
calorimeter. An aperture in the plate is closed 
by a ball valve through which the products of 
combustion can issue into the water, but which 
prevents the entry of water into the combus¬ 
tion chamber. On the completion of the 
experiment the valve is raised, allowing some 
water to enter; this is afterwards forced 
out by the oxygen and mixed with the rest of 
the water, thus ensuring that the calorimeter 
and its contents are brought to one tempera¬ 
ture. To reduce the radiation losses the whole 






COEFFICIENT—CONTINUOUS BEAMS 


79 


instrument is placed within a' wooden case 
with a glass window in one side. 

Oxygen from a supply at suitable pressure 
is passed through a coil of metal piping to 
bring it to the temperature of the room and 
then through a wash bottle fitted with a 
thermometer; from this it enters the ignition 
chamber; the temperature of the water is read 
and the coal ignited by connecting the ignition 
device to a four-volt accumulator; when the 
ignition is complete the chamber is washed out 
and the temperature again read. A knowledge 
of the water equivalent of the calorimeter is 
required, and this is most easily obtained by 
carrying out an experiment with a sample 
of known calorific value ; if the temperature 
range during this experiment is approxi¬ 
mately the same as that which occurs in the 
ordinary use of the instrument, the correction 
for radiation will be also covered. For 
accurate work the radiation correction can 
be found in the manner described in the 
article on “ Fuel Calorimetry.” 


Coefficient of Performance of a Refriger¬ 
ating Machine is the ratio of the heat 
taken in from the cold body to the work 
spent in the compressor (in heat units). See 
“ Refrigeration,” § (3). 

Coefficients, Pressure- and Volume-, of 
Gases. The constant (p 1()0 -p 0 )/IOOp 0 ~l/T 0 
is the “ pressure-coefficient ” of a gas at the 
initial pressure stated. 

The constant ( v 100 - v 0 )/100w 0 = 1/T 0 ' is the 
“ volume-coefficient ” of a gas at the pressure 
stated. See “ Temperature, Realisation of 
Absolute Scale of,” § (18). 

Coefficients of Viscosity for Fluids, 
Experimental Determination of. Seo 
“ Friction,” § (3). 

Cold Stores, Refrigerating Machines for. 
See “ Refrigeration,” § (4). 

Collodion Diaphragm Gauge. See “ Press¬ 
ure, Measurement of,” § (23). 

Compound Engines. See “Steam Engine, 
Reciprocating,” § (3). 

Compressibility, Effect of, on the Motion 
of a Body through a Viscous Fluid. Seo 
“ Dynamical Similarity, The Principles of,” 
§ (24). 

Compressibility of Fluid, Isothermal and 
Adiabatic. See “Thermodynamics,” § (55). 

Compression of Gas causes Heating : 
Explanation on Molecular Theory. Seo 
“ Thermodynamics,” § (66). 

Compression Members in Structures. See 
“ Structures, Strength of,” § (16). 

Oompressometers : The Yale, Wisconsin, 
Ewing, Marten, and Unwin Instruments. 
See “ Elastio Constants, Determination of,” 
§(54). 

Compressors, Theory of. See “ Air-pumps,” 
§ (!)• 


Concrete: 

Determination of Tensile Strength. See 
“ Elastic Constants, Determination of,” 

8 (137). 

Determination of Transverse Strength. Seo 
ibid. § (139). 

Effect of Vibration, Jigging, and Pressure on 
the Strength. Seo ibid. § (141). 

Condensation, High-vacuum. Seo “ Steam 
Engine, Theory of,” § (8). 

Condensation of Supersaturated Vapour 
AS INFLUENCED BY SURFACE TENSION. See 
“ Thermodynamics,” § (54). 

Condenser, Steam-engine. The use of a 
separate condenser was one of groat im¬ 
provements introduced by Watt. Sec 
“ Steam Engine, Theory of, § (3); “ Steam 
Engine, Reciprocating,” § (4). 

Conductivity : 

Definition of Thermal. See “ Heat, Con¬ 
duction of,” § (2). 

Discussion of Methods of measuring Thermal, 
See ibid. § (9). 

Relation of Thermal and Electrical. Seo 
ibid. § (10) (i.). 

Values of Thermal, for Solids, Liquids, and 
Gases. Seo ibid. Tables I. to V. 

Conductors of I-Ieat : 

Medium, Methods of measuring Thermal 
Conductivity of. Cylindrical Method— 
Wall Method. Seo “Heat, Conduction 
of,” § (4). 

Medium, Values of Thermal Conductivity of. 
See ibid. Table II. 

Poor, Methods of measuring Thermal Con¬ 
ductivity of. Spherical Shell Method— 
Cylindrical Shell Method—Wall Method. 
See ibid. § (3) (L), (ii.), and (iii.). 

Poor, Values of Thermal Conductivity of. 
See ibid. Table I. 

Conservation of Energy : 

Mayor’s Enunciation of Law of. Seo 
“ Mechanical Equivalent of Heat,” § (1). 
Joule’s Experiments on. Sec ibid. § (2). 

Conservative Systems of Forges. When 
the total work done by any system of forces 
during a series of displacements which 
bring the bodies acted on back to their 
original configuration is zero, the system 
is said to bo a conservative one. 

Constant Pressure Cycle, Internal Com¬ 
bustion Engines. See “ Engines, Ther¬ 
modynamics of Internal Combustion,” § 
(29). 

Constant Volume Cyolb, Internal Com¬ 
bustion Engines. See “ Engines, Ther¬ 
modynamics of Internal Combustion,” § 
(32). 

CONSTANTINESOO SYSTEM! OF POWER TRANS¬ 
MISSION by Wave Motion. Seo 
“ Hydraulics,” § (66), 

Continuous Beams. Seo “ Structures, 
Strength of,” § (11) 
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Contk.action of Area at Fracture. See 
“ Elastic Constants, Determination of,” 
§(18). 

Convection of Heat : 

Forced. See “ Heat, Convection of,” §§ (1), 
(2), and (3). 

From Fine Wires and Cylinders. See ibid. 

§ (2) (ii.) and § (4) (iv.j. 

Natural. See ibid. §§ (1), (4), and (5). 
Cooling Correction, Method of Calculat¬ 
ing, in Method of Mixtures : Rumford’s 
Procedure — Rowland’s Method. See 
“ Calorimetry, Method of Mixtures,” § (7). 
Cooling of Body in Quiescent Gas, Rate 
of ; considered by the method of dimensions. 
See “ Dynamical Similarity, The Principles 
of,” § (28). 

Cooling of Moving Body in a Gas, Rate of ; 
considered by the method of dimensions. 
See “ Dynamical Similarity, The Principles 
of,” § (30). 

Copper, Atomic Heat of, at Low Tempera¬ 
tures ; Nernst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” § (11), 
Table VI. 

Copper and Cuprous Oxide, Emissivity 
of ; determined by optical pyrometer. See 
“ Pyrometry, Optical,” § (19). 

Copper, Solid and Molten, Emissivity 
of ; determined by optical pyrometer. See 
“ Pyrometry, Optical,” § (21). 

Copper, Specific Heat of : 

At Various Temperatures; tabulated, with 
the Atomic Heat. See “ Calorimetry, 
Electrical Methods of,” § (10), Table V., 
§ (12), Table VIII. 

Studied by Harper over the range 15° to 
50° 0. See ibid . § (12). 

Corliss Valves for Steam Engines. See 
“Steam Engine, Reciprocating,” § (5) (1). 
Cornish Engine. See “Steam Engine, 
Reciprocating,” § (13). 

Corresponding States, Van der Waals’ 
Theorem of. See “ Thermodynamics,” 
§ (00); “ Thermal Expansion,” § (20). 


Daimler-Lanohisster Worm Gear Testing 
Machine. See “Dynamometers,” §(6) (i.). 

Dalton’s Law of Partial Pressures 
in Gaseous Mixtures. See “ Thermo¬ 
dynamics,” § (02). For proof of Dalton’s 
law on the molecular theory of gases see 
also § (00). 

Damped Harmonic Motion. If the dis¬ 
placement of a point from its equilibrium 
position is given by an expression of the 
form ae-vt sin (nt + e ) the motion is said 
to be damped harmonic motion. 

Day, Clement, and Sosman, 1908-1912; 
comparison of gas-thermometer with second¬ 


Counter Instruments : For measuring 
number of revolutions per unit time. See 
“ Meters,” § (1), Vol. HI. 

Cranes, Hydraulic. See “Hydraulics,” § ( 09 ). 

Crank Effort Diagrams. See “ Kinematics 
of Machinery,” § (8). 

Critical Constants for Various Fluids, 
Experimental Values for. See “ Thermal 

. Expansion,” § (30). 

Critical Point, Temperature and Press¬ 
ure, Definitions of. See “ Thermo¬ 
dynamics,” § (37). 

For Calculation of Critical Data from Van der 
Waals’ Equation, see also §§ (59) and (00). 

Critical Pressure, Refrigeration above 
the. See “ Refrigeration,” § (2), Fig. 7. 

Critical Temperature. The temperature to 
which a gas must be cooled before it can be 
liquefied by pressure. If above the critical 
temperature it cannot he liquefied. See 
“ Thermodynamics,” §§ (37), (42); “ Lique¬ 
faction of Gases.” 

Crosby Indicator. See “ Pressure, Measure¬ 
ment of,” § (18) (ii.). 

Crusher Gauges. See “ Pressure, Measure¬ 
ment of,” § (14). 

Crystals, Non - isotropic, Expansion of. 
See “ Thermal Expansion,” §§ (8), (9). 
Thermal Conductivity of. See “ Heat, Con¬ 
duction of,” § (6). 

Current Meters. See “ Hydraulics," § (12). 
Calibration of Current Meters. Ibid. § (13). 

Cut-off. The point of the stroke at which 
the supply of steam to an engine cylinder 
ceases is called the “ point of cut-off.” See 
“ Steam Engine, Reciprocating,” § (2) (iv,). 

Cycle of Operations for Internal Com¬ 
bustion Engines. See “ Engines, Internal 
Combustion,” § (2); “ Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (2), 
(28); “ Thermodynamics,” § (8). 

Cycloidal Teeth. See “ Kinematics of 
Machinery,” § (9). 

Cylinders, Strength of. See “ Structures, 
Strength of,” § (31). 


ary standards of temperature in range 500° 
to 1000°. See “ Temperature, Realisation 
of Absolute Scale of,” § (39) (xiv.). 

Deeley’s Experiments on Fluid Friction. 
Tables. See “ Friction,” § (28), 

Deflection of Beams. See “ Structures, 
Strength of,” § (9). 

Deflection Diagram for a Frame. See 
“ Structures, Strength of,” § (24). 

Degree of Freedom, Definition of. See 
“ Kinematics of Machinery,” § (2). 

Degree of Freedom, Equipartition of 
Energy amongst eagh. See “ Thermo¬ 
dynamics,” § (66). 
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Density op Solid, compared with that of 
liquid, for various substances, tabulated. 
See “ Thermal Expansion,” § (31). 

Developed Area op a Screw-propeller is 
the sum of the actual areas of tho blades 
irrespective of shape. See “ Ship Resistance 
and Propulsion,” § (41). 

Deville and Troost, 1857, used iodine in a 
bulb of porcelain to compare gas-thermo¬ 
meters with secondary standards of tem¬ 
perature in the range 500° to 1000°. Sec 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (iii.). 

Diaphragm Pressure Gauge. See “ Pressure, 
Measurement of,” § (21). 

Diesel Engine. See “Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (31) 
and (50); “ Engines, Internal Combustion,” 
§(15) seq. 

Dieterioi, Experiments op, in determination 
of Latent Heat of Steam. See “ Latent 
Heat,” § (1) (ii). 

Differential Pulley Block — Weston’s 
Principle. See “ Mechanical Powers,” 

§ (2) (ii-)- 

Diffusion, Increase of Entropy due to. 
See “ Thermodynamics,” § (02). 

Diffusion Pumps. See “ Air-pumps,” § (41). 
Gaede’s. See “ Air-pumps,” § (42). 

Diffusivity : 

Definition of Thermal. See “ Heat, Con¬ 
duction of," §§ (2) (ii.) and (12). 

Thermal, of Soil. See ibid. § (12) (i.), 
Table VI. 

Thermal, of Various Substances. See 
ibid . Table VII. 

Dimensional Formula of a Physical 
Quantity. An expression showing which 
of the fundamental units enter into the unit 
of the quantity, with their dimensions, e.g. 

[F] = [MLT- 2 ], 

F being the unit of force, M, L, T those of 
mass, length, and time. 

Dimensions of Electric and Magnetic 
Quantities : Electrostatics. See “ Dyna¬ 
mical Similarity, The Principles of,” § (35). 

Dimensions, Homogeneity of, in a Physical 
Equation : the fundamental principle that 
all tho terms in any equation having a 
physical significance must necessarily have 
identical dimensions. See “ Dynamical 
Similarity, Tho Principles of,” § (5). 

Disc, Theory of the Sectored, used in 
radiation pyrometry to cut down the radia¬ 
tion by a definite fraction so that the same 
galvanometer deflection is obtained for two 
different temperatures of tho radiator. See 
“ Pyrometry, Total Radiation,” § (5). 

Disc-area Ratio of a Screw-propeller is 
the ratio of the sum of the actual areas of 
the blades (i.e. the developed area) to the 
area swept out by the tips of the blades. 

Y<?l. % 


See “ Shi]) Resistance and Propulsion,” 
§§ (41) and (44). 

Displacement Diagrams for Points in 
a Mechanism. Seo “ Kinematics of 
Machinery,” § (4). 

Dobbie-McInnks Indicator. Seo “ Pressure, 
Measurement of,” § (18) (iii.). 

Double - acting Engine. See “ Steam 
Engine, Reciprocating,” § (2). 

Drifting Test of Metals. Seo “ Elastic 
Constants, Determination of,” § (34). 

Drop Test of Tyres. See “ Elastic Con¬ 
stants, Determination of,” § (36). 

Drop - Valves for Steam Engines. See 
“ Steam Engine, Reciprocating,” § (5) (ii.). 
Ductility, Workshop Test for. See 
“ Elastic Constants, Determination of,” 

8 (14). 

Dynamical Equations in Terms of Dis¬ 
placement, for an Electric Solid. Seo 
“ Elasticity, Theory of,” § (7). 

Dynamical Equations in Terms of Stress, 
for an Elastic Solid. Seo “ Elasticity, 
Theory of,” § (6). 

DYNAMICAL SIMILARITY, THE 
PRINCIPLES OF 
I. General Principles 
§ (1) General. —Scientific research concerns 
itself with the discovery and expressions of 
laws as exact relations between physical 
quantities of different kinds. Involved in 
tho expression for the magnitude of any such 
quantity aro two conceptions—the nature or 
kind of unit in terms of which it is represented, 
and the magnitude or number of times the 
unit occurs in the physical quantity considered. 
Thus, in tho statement that the earth’s 
diameter is 8000 miles, there is implied the 
nature of the fundamental unit (mile) in terms 
of which the diameter is measured, and tho 
number (8000) of these units which are present 
in tho physical quantity. If tho whole function 
of scientific research consisted in a compari¬ 
son of quantities of tho same kind then tho 
desiderata in the selection of a unit could 
bo easily defined, and would merely involve 
such considerations as definiteness, non- 
susceptibility to secular change, and capability 
of accurate comparison with tho quantities to 
be expressed in terms of it. Since, however, 
research in its wider sweep investigates and 
expresses relations between quantities of such 
different kinds as forces, temperatures, 
magnetic moments, etc., it follows that, for 
simplicity and clearness, not merely must 
these units be selected to satisfy the above 
requirements, but only such units must bo 
accepted as express all the quantities con¬ 
cerned in the simplest manner possible in 
terms of the minimum number of independent 
units, 

a 
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§ (2) Space Units. —.For mere geometrical 
relations which are expressions of space truths 
involving lengths, areas, and volumes, it is 
clear that only one independent unit is 
required, which, apart from convenience and' 
form, may arbitrarily be selected as the 
unit of length, of area, or of volume. If, 
for example, V, the unit of volume, be taken 
as the standard dimension, then since the 
product of three lengths provides a volume, 
the dimensions of length would be V :1 , and 
that of area Vl It is obvious that the 
clearest and, to us, the simplest expressions 
will be obtained by choosing as our standard 
unit a length L, giving ns dimensions of area 
L a and volume L !1 . 

§ (,‘5) Kinematic Units. — Passing to laws 
involving kinematic considerations it becomes 
at once clear that a new unit must he intro¬ 
duced to provide a measure of motion, a 
change in length with time; and once more 
the simplest- mode of representation is arrived 
at by choosing, not a unit for speed or accelera¬ 
tion, and hence expressing the fundamental 
idea of time in a more or less complicated form, 
but by selecting a unit for time, say T. Speeds 
and accelerations are then at once seen to 
have the dimensions L/T and L/T a respectively. 

§ (4-) Dynamical Units. — But the two 
units of length and time are not in themselves 
sufficient to specify quantities which arise im¬ 
mediately we enter the domain of dynamics. 
At the basis of this section of analysis lies the 
fundamental idea of force and its representa¬ 
tions in terms of mass and acceleration. 
Before a full expression for the dimensions of 
dynamical quantities can therefore be set out, 
either a new unit of force must be introduced 
in terms of which, by Newton’s Second, Law, 
the dimension of mass could he expressed, or 
a unit of mass must be presumed and the 
dimensions of dynamical quantities derived 
from it. Once more for reasons of simplicity 
we choose the latter. Accordingly, writing 
M as the dimension of the mass unit, the 
following table of quantities and their dimen¬ 
sional representation may be drawn up : 


Quantity. Dlmennlon. 

Length . . L 

Time . . . T 

Mass . . . M 

Linear speed. LT -1 
Angular speed T -1 
Aoooloration . LT -2 
Momentum . MLT" 1 


Quantity, Dimension, 
Force .... MLT -2 
Kinetic energy . ML 2 T~ a 
Impulse . . . MLT -1 

Work .... ML 2 ! 1-2 
Moment of force . ML 2 T -2 
Moment of Inertia, ML 2 
Density . . . ML -3 


§ (5) Homogeneity op Dimensions in a 
Physical Equation. —Since the mathematical 
formulation of any physical law is a statement 
of equality or relationship between physical 
quantities necessarily of like nature, since 
indeed a force cannot be added to a mass 
but only to another force, nor a temperature 


equated to an electric charge hut only to 
another temperature, it follows that all the 
terms in any equation having a physical 
significance must necessarily have identical 
dimensions. In the expression for the velocity 
acquired by a particle in vacuo dropped from 
rest under gravity, for example, 
v° = 2gh, 

the dimensions of the left-hand side are 
(LT -1 ) 2 = L 2 T- 2 , 

while on the right-hand side they are 
LT -2 x L=L 2 T -2 , 

the constant being of course non - dimen¬ 
sional. This fundamental principle serves not 
merely as a check on the intelligibility of any 
formula derived either on experimental or on 
theoretical grounds, but can be turned to 
much greater advantage by providing a priori 
information regarding the form which the 
result of any investigation ought to take. It 
will become apparent as the subject develops 
that there exists here a potent weapon for a 
preliminary analysis of any proposed problem. 
Particularly is this true in the realms of 
physios and engineering. 

The method that may he adopted will 
become apparent from a few simple dynamical 
illustrations. Let us assume that the time of 
oscillation of a pendulum in vacuo is the prob¬ 
lem for analysis, in order to determine how 
the period depends on the length of the sus¬ 
pension, the mass of the pendulum hob, and 
the value of gravity. Without a preliminary 
analysis along the present lines, and failing a 
complete mathematical investigation, it would 
appear at first sight that a complete experi¬ 
mental study of the problem would involve a 
threefold series of experiments corresponding 
to variations in length of suspension, mass 
of bob, and gravity. Consider the physical 
factors upon which the period might possibly 
be dependent. They are, mass of boh to, 
length of suspension l, value of gravity g, the 
form of attachment possibly, and the shape 
of the hob. The last two factors may or may 
not enter, but in any case it is not clear how 
they can be directly introduced by any single 
convenient symbol. Let us assume then that 
in all the experiments these are invariant, and 
therefore from our a ‘priori knowledge we affirm 
l, ff), 

where / represents the function which requires 
determination. Let us suppose this expanded 
in a power series in to, l, and g, so that 
t = ’ZAm x l v g !> , where the terms A are constants 
independent of m, l, and g and functions only 
of the shape of the bob. This much, however, 
wo can affirm, that each term in the expression 
must of necessity represent a quantity of the 
nature of time, and must therefore have the 
same dimensions as t. 
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since both A (a, y) and a are accelerations, 
a{x, y) must be of zero dimensions. Restricting 
ourselves then to a series of problems for 


Now the dimensions of 

rnWg* are M»L*(LT- B )* =MMA+’T- 2 °, 
and equating these to the dimensions of t wo 

find o i 

®=0, y + z= 0, —2s — I, 

Hence _ 

i = 2 Am°Z*<r* = <V Q)» 

where c is some unknown constant. A pre¬ 
liminary analysis of the problem has now re¬ 
duced the necessity for a threefold set of 
experiments to one experiment, and one only, 
to determine the value of c.. We have shown 
in fact that there are not in reality three 
variables m, l, and g in the problem, but one 
single variable <V(g/Z) which groups together 
a whole system of experiments as essentially 
of the same type. What then is the common 
principle that runs through the problems of 
the times of oscillations of pendula of different 
lengths under different values of < 7 , that it 
should be possible to group them together ? 
"What is the physical or dynamical significance 
of this grouping ? ,. . 

§ (6) Dynamical Similarity. —In the fore¬ 
going analysis we might equally well have 
taken t to represent the time taken for the 
pendulum to swing out to a given angle a, 
then t=c^W)> where c is now constant, 
when a is constant. It follows at once that 
if two pendula of lengths l x and Z 2 , at different 
points on the earth’s .surface such that 
gravity is g x and f / 2 respectively, are allowed 
to swing, then at all times t x and such that 
the pendula will bo die- | 
placed bv equal angles. A series of photo¬ 
graphs on plates of the same size taken of all 
such pendula at any such series of correspond¬ 
ing times will be identical. The geomotiical 
configuration for all such corresponding times 
are similar. Systems in motion which can thus 
be grouped together quite generally as pass¬ 
ing through geometrically identical phases for 
equal values of a non-dimensional grouping of 

corresponding quantities—'in the_above case 

for equal values evidently of t\/ (g/l) —are said 
to possess dynamical similarity. 

§ (7) Application to Particle Dynamics, 
—Consider a further example from particle 
dynamics. A particle of unit mass is pro¬ 
jected with velocity V in a field of force such 
that the acceleration at any point (%, y) is 
A(ic, y), what information relative to the dis¬ 
tance traversed after any time is supplied by 
the method of dimensions ? For this purpose 
let us write A(x, y) = ci.a{x, y), where a is the 
actual acceleration at some special point, say 
the point of projection and a(x, y) is the func¬ 
tion giving, as it were, the law of distribution 
of acceleration. Under these circumstances 


which this law of distribution remains un¬ 
changed although the magnitude of the accel¬ 
eration at any point may vary— i.e. the function 
a remains unaffected, but a varies from 
problem to problem—we may say that S, the 
distance traversed after any time t, is a function 
of Y, the velocity of projection, a the measure 
of the acceleration, and t the time, i.e. 

S=/(V, t). , 

Writing as before 

S = SAV «OT, 

and equating dimensions, we find 
(L) l=x+y. x=l~y, 

(T) 0=3 + 2 y-z, s = l + y, 

/at\ v 

S = SAW-%n 1+ * = VL 2 AUJ . 

Since y is quite arbitrary and may have any 
value whatsoever while still satisfying the 
dimensional conditions, this implies that 

s=vlf(|), 

where F represents an arbitrary function. The 
particular case of constant acceleration along 
the direction of motion giving the well-known 

formula _ TTl . ,,, 

S ~Vt+kit* 

is readily seen to be of this form, for it may bo 
written 

§ (8) Non-dimensional Variables. — It 
should be particularly remarked that the 
problem has reduced itself to the determination 
of the relation between two non-dimensional 
groups of terms S/Vi and at[V, the functional 
relation between the two depending purely on 
the geometrical conditions of the problem and 
in nowise on the dynamical principles in¬ 
volved. In the same way the ease of the 
oscillating pendulum was reduced to the deter¬ 
mination of the value of t he si ngle non- 
dimensional group of terms, iV(f//ij as a more 
number. 

In genera], it will bo seen that for dynamical 
problems, at most three equations can be 
obtained from the dimensions of mass, length, 
and time, although there may be less if any 
of these be absent. In general, therefore, if 
there are n quantities upon which the whole 
functional relation depends, the indices of 
three of these quantities can be expressed in 
terms of the others, and. there well be left a 
relation between n~ 3 non-dimensional groups 
of terms. 

§ (9) Application to Planetary Theory. 
—As a further example of a slightly different 
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nature showing the insight here provided into 
a problem without actually analysing in detail 
the dynamical conditions, consider what may 
be deduced from Newton’s Gravitational Law, 
regarding the periodic times of planets. 

The attractive force between two planets of masses 
m l and m 2 at distance r apart is, according to Newton, 
_ km,m» 
r 2 

Accordingly the dimensions 1 of h, a gravitational 
constant, are 

[£]=[E] x f- "1=(MLT -2 )(L 2 M~ 2 )=L 3 M _1 T“ 2 . 

If d be the major axis of the orbit of a planet of mass 
E moving round a central sun S, then r, the periodic 
time of the motion, can depend only on d, E, S, and h, 

r =/(«*, E, S, 

T=[r] =[d x WB z h' l '\ 
•—Laj+atqyy+s-up-au. 

Hence equating like dimensions 

k+3m=0, 'y+z— m=0, — 2k=1, 


, *=f, y= 

.'. T=SA(Z?(*E) 


'■*(§)' 


-h 




VS 

He 


From which Kepler’s Third Planetary Law 
follows immediately, that the square of the 
periodic time is proportional to the cube of 
the major axis of the orbit. 

But it is not in the field of pure dynamics 
that the method here developed receives its 
most fruitful applications. In almost all 
branches of physics a preliminary analysis of 
any problem that requires investigation, pro¬ 
vides an insight into the main factors which 
are at work, and thus generally indicates the 
direction in which the research should be 
developed. 

In aerodynamics and aero-engineering, for 
example, we are concerned with the laws of 
air resistance to bodies of various shapes, and 
with the rates at which heated bodies such 
as radiators, etc., will cool in a current of 
air. Especially during recent years have 
innumerable problems of this nature arisen 
which, because of the complex and intricate 
mathematical expressions for the physical 
laws involved, have not yet yielded to 
theoretical analysis. On the experimental 
side, however, a considerable amount of work 
has been carried out, frequently without 
according the results the full interpretation 
that might have been given them from tho 
present standpoint. It will become evident 
that only by an analysis along the lines 


developed here can the full and most reason¬ 
able interpretation for any such work bo 
obtained. 

§ (10) Application to the Motion ok 
Fluids. —In dealing with the motion of fluids 
it is necessary, in the first instance, to set out 
in detail the defining properties of that medium, 
quite apart from any theories regarding the 
molecular constitution of the fluid—liquid or 
gas. In the selection of such definitive pro¬ 
perties, then, we are only concerned with 
those that are called into action under tho 
circumstances contemplated in tho problem. 
It suffices accordingly to define any fluid as 
dense, viscous, and elastic in the first instance, 
omitting for tho moment those properties 
that become evident on the application of 
heat. Other properties may make themselves 
apparent in special circumstances, whilst even 
some of those enumerated above may in other 
circumstances become of little consequence. 
If we are concerned, for example, with tho 
dripping of liquid from a tube, tho elastic 
properties of the fluid may be omitted, its 
viscosity may even play only a minor part, 
while surface tension enters as an important 
factor since the problem is clearly affected 
by the nature of the conditions at tho surface 
between the liquid and the air. 

As far as all these properties are concerned 
it is possible to express their measure, as 
in the case of purely dynamical quantities, 
in terms of the three fundamental units of 
mass, length, and time, from the more defini¬ 
tion of the physical properties they are intended 
to represent. 

Viscosity, for example, is introduced through 
the coefficient of viscosity y defined by: 

viscous force per unit area per unit velocity 
gradient ; from which it follows that tho 
dimensions of y are 

W = [-Forco]/[Area] x [Velocity gradient] 

= (MLT- 2 )/(L 2 ) x (T-i) = ML-*!- 1 . 

As already indicated, density (p) has dimen¬ 
sions ML -3 . Surface tension (S), defined as a 
force per unit length of a curve, has therefore 
dimensions 

[S] = [Force]/[Longth] = MT~ a 

_ § (11) Surface Tension.—As an illustra¬ 
tion of the use of these expressions, consider 
tho question of determining tho size of tho 
drops of liquid which fall from a tube of 
given diameter when the liquid is allowed to 
flow slowly down the tube under tho influence 
of gravity and capillary force. On general 
physical grounds —on tho basis of our 
experience in fact—wo assume initially that 
the mass of the drops will depend on tho 
value of the surface tension between the liquid 
and the air, on the density of the liquid, and 
possibly on its viscosity ,; and as far as an 
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initial scrutiny of the question is concerned, 
these would appear to be the only properties 
of the fluid that ought to enter. On general 
grounds, moreover, we are aware that for slow 
motions viscosity plays a very minor part, 
and since in the present instance the motion 
is essentially slow since the fluid is only 
dripping, viscosity might legitimately be 
omitted from the discussion, but whether or 
not this is justifiable is of course definitely 
a question of experiment. The only other 
factor that would enter then is the size and 
shape of the tube. Let the diameter be d, 
but the shape cannot be introduced by any 
definite symbol. 

Let the mass of each drop M bo presumed a function 
of S the surface tension, p the density, g gravity, and d. 

M=/(S, p, g, d). 

Taking as a typical term in the expansion of this 
function AS x p v g z d u , and writing it dimensionally, wo 
find 

M=[M]=[S^yd u ]==(MT- 2 ) a! (ML- 3 }«'(LT- 2 ) i! L«. 
Hence equating powers of like dimensions 

x+y=l, -2*-2s=0, -3y+s+M«0. 

x — l—y, s =- 1 - 1 - 2 /, w=l+2y. 


The typical term is thus: 

(,pi) *’ 



g 



From this simple analysis it can consequently 
bo deduced that the problem under discussion 
must be regarded as the determination of the 
law of variation of the non-dimensional group 
Mg/Sd with the non-dimensional group 
S/< 7 pd a , and that since the form of the ap¬ 
parently arbitrary function </> can depend on 
nothing but the shape of the tube, tlxo curve 
obtained by plotting MgjSd against S jgpd* 
will be characteristic of that shape of tube 
and quite independent of the actual values 
of S, d, p, etc. Actually, it has been found 
by experiment that M the mass of the drops 
is proportional to d the diameter 1 of the tube 
(Tate’s Law). If we now therefore examine 
the function (Sd/g)</)(S/f/pd a ), it is clear that 
unless the function cj> he a mere constant 
M cannot possibly be proportional to d, and 
consequently on the basis of one set of in¬ 
vestigations during which d alone is varied, 
while S, p, etc. aro maintained constant,. it 
can bo deduced that when all the quantities 
are varied 



where the constant A may be determined 
from one experiment. 

In the same way, if the drop of liquid bo 
set in vibration, the frequency n will depend on 


g, p, d, and S as before, from which, noting 
that [>] is T- 1 , it can easily be shown that 


7 s \ 

F (A\ 

Xp<p) ■ 

\gpdr) 


§ (12) Vibrations op a Gravitating Liquid 
Globe. —A globe of liquid, such as a planet 
in a fluid state, is held together by its own 
gravity, and is set into a state of vibration 
by some external disturbance. What informa¬ 
tion regarding the frequency of vibration in 
any of’ its modes can be derived by the 
Dimensional Method ? 

The frequency will clearly depend on p the 
density, d the diameter of the sphere, and k 
the gravitational constant, assuming, that 
surface tension and viscosity are without 
influence on the question. Accordingly 
n=/(p, d, /o) = SAp“W. 

The dimensional expressions for each of the 
quantities d and k are known and have already 
been used. Inserting these it follows at once 
that, *=s=sj ; y = 0. 

Hence J(pic), 

and it appears that the frequency is in¬ 
dependent of the diameter of the sphere and 
proportional to the square root of the density. 

§ (13) Velocity of Waves.— By a similar 
process of reasoning it is easy to establish 
the formulae for the wave velocity in the case 
of heavy gravity waves in deep sea, v 2 “fA 
where A is'the wave-length, and V^eS/Ap for 
small surface-tension waves. 

A clear insight into the principles of 
Similitude that lie at the basis of this method 
is best afforded by a general treatment of the 
motion of a viscous fluid, correlating many 
apparently diverse phenomena, and laying 
them clear as natural consequences of the 
operation of tlio general principle of Dynamical 
Similarity. 

§ (14) Motion of a Body, in a Viscous 
Fluid. —Let it be supposed that a body or 
system of bodies of given geometrical shape, 
and size specified by the length l of some 
portion of the system, is moving with velocity 
V in a fluid of density p and kinematic viscosity 
v(~im/p), and for the moment it will bo 
presumed that the fluid is inelastic. As a 
matter of actual experiment it is found that 
not until the velocity approaches that of 
sound waves in the medium do its elastic 
properties make themselves apparent. Then 
the velocity v at some point of the fluid 
geometrically fixed with reference to the body 
may quite generally bo written as 

v=<Pi(V> p< v, l), 

while the slope 0 of the stream lino at that 
P° intia 0 = HV,p,v,l). 

Applying the principle of Homogeneity of 
I Dimensions and remembering that 0, the 
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slope, is of zero dimensions being a mere 
number, it is found that 



The second equation indicates that the shape 
of the stream lines and the direction of motion 
at any time depend only on the value of the 
non-dimensional group Yljv, and not on the 
separate constituents of that group. The 
magnitude of the velocity likewise depends 
on Yl/v and on V alone. We see in fact that 
provided a system of bodies are all geometric¬ 
ally similar, their sizes being different, the 
systems of stream lines generated are likewise 
similar, provided Yljv is maintained constant 
throughout the system. 

§ (15) Reynolds’ Number. —As a matter 
of actual experiment Reynolds, 1 by a brilliant 
series of investigations, demonstrated that 
the whole process which takes place during 
the motion of a fluid does not depend alone 
on any of the single quantities V, l, v, but 
on the group; moreover that for any given 
problem—in his case the flow of fluid through 
circular pipes —Vl/v is a critical variable, 
which when it attains a certain value corre¬ 
sponds to a more or less rapid change from 
one state of flow to another, from the steady 
so-called stream-line flow to the sinuous and 
turbulent state of eddy formation. Let us 
suppose then that eddying has originated, 
that is to say that the fluid on its passage past 
the obstacle forms in the neighbourhood of the 
sides of the latter a system of eddies which 
are shed periodically. 

§ (16) Frequency or Eddy Formation.— 
Let n be the frequency of these eddies, then 
clearly it can only be a function of Y, l, v, and 
p apart from the geometrical shape of the 
obstacles. 

n=f(Y, l, v, p ). 

Remembering that the dimension of n is T -1 
and applying the method of this article, wo 
easily find 



indicating once more that if Yl/v is maintained 
constant for a series of similarly shaped bodies, 
for such a system 

V V 2 v 

n&Z-j OC~— OC-=s. 

I V 

Hence for a given value of Yljv, and a given 
fluid so that v is also constant, the frequency 
is proportional to the square of the velocity 
or inversely as the square of the size. 

§ (17) Dynamical Similarity in the 
Motion or a Viscous Fluid.— -What this 
1 Phil. Trans, elxxiv. 935 ; Collected Works, ii. 51. 


implies may be summarised by saying that 
if a series of bodies all of the same geometrical 
shape be moving in a system of fluids, viscosities 
v v r 2 , . . . with velocities V x , V a , . . . then 
provided Yljv is maintained constant, photo¬ 
graphs of the flow pattern taken on cinemato¬ 
graph films of the same size will all be identical 
as far as the consecutive geometrical configura¬ 
tions of the stream lines and eddying systems 
are concerned. 

The rates at which the processes unfold 
themselves will, however, bo different, being in 
fact determined by the expressions for the fre¬ 
quency n, but clearly if the photographs bo 
compared at corresponding times as indicated 
above, the pictures will be identical. We see 
in fact that the condition, Yljv — constant, 
involves for geometrical similarity of bound¬ 
aries, physical similarity in the motions. 

This idea has been seized upon and used to 
great advantage in aerodynamical and naval 
architectural analysis, for, as will be immedi¬ 
ately seen, it provides the basis for the analysis 
of full-scale problems in aeroplane, airship, 
and naval construction, by means of tests on 
models. 

§ (18) Relation between Experiments 
on Model and on Fell Scale. — Such 
analysis, in general, centres itself round the 
question of how, from measurements of the 
forces originated during the motion of the 
model, to predict the corresponding forces 
that will be called into play during the motion 
of a full-scale machine or part. 

The details of this will be given in another 
section (“Aeronautics Scale-effect”), 1 but for 
the purposes of the present article we may 
note the main principles at work. If R = 
resistance of a body of dimension l in its 
motion through fluid of density p and viscosity v 
with velocity V, we may say that R =f(p, V, l,v), 
and applying again the method of the present 
article we easily determine .R in the form 

R-W'i’/(-)■ 

§ (19) Non - dimensional, Resistance Oo- 
efeioient.— Stating the law of resistance in 
the manner that has been followed in previous 
analysis as a relation between two non- 
dimensional groups of terms, 



indicating that the question of the forces re¬ 
sisting a body in its motion through a viscous 
fluid is most properly represented as a curve 
showing the variation of the “ resistance co¬ 
efficient ” (non-dimensional) R/pV 2 / 2 as ordi¬ 
nate, against Reynolds’ non - dimensional 
number Yljv, as a base. 

§ (20) ^ Characteristic Curve. — Such a 
curve will be characteristic of that shape of 
1 See Vol. IV. 
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body, but will be absolutely independent of 
thescale ” of the problem and of the con¬ 
sistent set of units in terms of which the 


indicating that the additional force originated 
by the accelerated motion is equal to that 
required to give a mass of fluid pPfii'djvjQ) 
the acceleration a of the bodv. But pZ' 1 is 


various factors are expressed. If therefore 
by experiment on a model of an airship, 
aeroplane, or any portion of it, values of the 
resistance coefficient can be obtained for a 
sufficiently wide range of the single variable 
VIIv the same resistance derivative will be 
valid for the full scale at the same value of 
Vl/v. In actual practice it is extremely 
difficult, except in rare cases, to attain a 
sufficiently wide range of this quantity, and 
methods of extrapolation supported by full- 
scale experiments have to be resorted to. 1 

Fortunately, extrapolation is greatly simpli¬ 
fied in practice by the fact that for increasing 
values of Vl/v, the resistance tends to increase 
steadily as the square of the speed, so that 
R lpVH\ and consequently f(Vl/v), tends to 
become constant. 

§ (21) Forces during Accelerated 
Motion. —In the above discussion we have 
merely considered the question of the forces 
called into play when the body is in steady 
motion. Can we derive from first principles 
any information regarding the nature of the 
resistance when the body, moving under an 
acceleration a, say, passes through the velo¬ 
city v, without our having recourse to the 
complicated mathematics of fluid motion ? 
Employing the same symbols as previously, 
but writing v as the velocity not of steady 
motion but of the body at the instant under 
consideration, and a its acceleration at that 
moment, then following the process already 
adopted we obtain as the expression for the 
resistance 

B=P» ! !V(v. p). 

whore in addition to the non-dimensional 
group VZ/r already obtained, there is now 
introduced the expression aljifi on which the 
additional resistance depends, not, be it noted, 
on the acceleration alone, but on the variation 
of this group. 

§ (22) Virtual Mass.— To determine more 
closely the effect this produces on the resistance, 
let R=resistance for steady motion at velocity 
v, and R + SR the resistance for an acceleration 
term nljv 2 small compared to unity, then 

R = pv-l^f (“, o), 
and 

R + 5R=p«»P/(£ f) 



1 For a full explanation of this, sec “ Aeronautics 
Vol. IV. 


proportional to the mass of the displaced 
fluid, and consequently it follows that for a 
given value of vl/v, the effect of accelerating 
the motion is to give rise to an apparent 
increase in mass proportional to the mass of 
the fluid displaced. 

Measurements of this so-called “ virtual 
mass ” are of importance in the stability of 
airships where the mass of thud displaced is 
the same as the total weight of the ship, and 
where consequently the “ virtual mass ” may 
acquire a considerable magnitude. It may 
be remarked that for investigations of this 
nature the results would naturally be plotted 
showing the variation of the non-dimensional 
resistance coefficient R /pvH z either with vlfv 
for various values of <tl/v 2 or conversely, 
and for a complete investigation the full 
range, zero to infinity, of al/v 2 must be 
covered. 

§ (22) Experimental Determination op 
Virtual Mass.— For longitudinal accelera¬ 
tions such experiments have been successfully 
conducted . 2 A body dropped from rest and 
allowed to fall in a fluid till it roaches its 
limiting velocity, gives at the commencement 
of the fall v = 0 and a and Z finite so that 
theoretically al/v 2 ->-cc while, when the limiting 
velocity is reached a~ 0 , and l and v are finite 
so that a photographic study of the change in 
motion then provides sufficient data to deter¬ 
mine the virtual mass. 

Numerous and careful experiments have, 
boon conducted to test tlio accuracy of the 
deduction that for non-aocelerated motion 
of a viscous fluid the state of affairs depends 
merely on the value of vl/v. Reynolds , 3 as 
already indicated, showed beyond doubt that 
for the flow of a liquid in a tube the pass¬ 
age from steady to'sinuous eddying motion 
occurs more or loss sharply at a definite value 
of this number, Stanton and Fannell , 4 fol¬ 
lowing up these experiments, verified that 
for air a similar result hold. Since then 
numerous predictions from model results in 
aeronautical and marine investigations to full 
scale have completely justified the deductions. 
On the other hand, it is clear that the circum¬ 
stances of the problem must be such as will 
not involve the origination of properties of 
the medium presumed non-existent. 

§ (24) Effect of Compressibility. — In 
ballistics, for example, wo are concerned with 
the motion of a body at speeds approaching 
the velocity of sound, so that one might expect 
that not merely would energy be lost during the 

9 Cowley and Levy, Advisory Committee for Aero¬ 
nautics, R, and M., 612. 

9 Trans. R.S., loc. oil. 

‘ Ibid. A., ccxiv. 199-224. 
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motion in overcoming viscous forces, but also 
in the production of waves: that is to say, 
we must now regard the medium as being 
both viscous and compressive. Now the 
velocity of sound in a medium of elasticity 
E, density p, and viscosity v, is given generally 

by V=/(E,p, r) = 2AE>V, 

and equating like dimensions we easily find 

•■• v = A V(f)' 

To find the modified expression for the resist¬ 
ance in this case we write 


R =f( P , v, l, v, E), 

and following the normal procedure we derive 



where V is the velocity of sound in the medium, 
indicating that for a given value of vl/v, the 
resistance coefficient depends solely oh the 
ratio of the velocity of the projectile to the 
velocity of sound. 

§ (25) Effect of Rotation: Propeller: 
Shell.- —If in addition the body possesses a 
spin ft due to rifling, there Avould be present a 
term Ql/v, 

R Jvl v Ql\ 

" Y ~v)‘ 

Two points of importance may be noted. In 
the first place for such high speeds as would 
cause the elasticity of the medium to play an 
important part, the value of vljv would in 
general be so large as already to be well above 
the range for so-called scale variation for the 
viscous forces ; that is to say, further increase 
in value of the term vljv would have no marked 
influence on the value of the resistance co¬ 
efficient. In the second place, problems of 
practical importance involving the rotation 
of moving bodies divide themselves under two 
heads; those in which the term illjv is of 
prime importance as in the case of the pro¬ 
peller; and those in which the spin has no 
appreciable effect on the resistance as in the 
case of bodies symmetrical about the axis of 
rotation—shells, bullets, etc. In the latter 
case the rotation exists only for purposes of 
stability and directivity, and plays no measur¬ 
able part in affecting the resistance. 1 Re¬ 
stricting ourselves to the second part, experi¬ 
ments on ballistics conducted prior to and 
during the war (1914-18) have succeeded in 
providing a more or less complete representa¬ 
tion of the forces on a projectile (shell) for 


1 A discussion of the performance of propellers as 
a function of the non-dimensional group Cillv will 
be found under “ Propellers.” 1 


speeds varying up to and well over 2000 feet 
per second. It is found that plotting ll/pr a l a 
the resistance coefficient, against v/V, tho enrvo 
remains practically straight and horizontal 
until a speed approaching that of sound is 
attained, when'it rises steeply and turning 
at the critical speed diminishes slowly. It 
appears then that in the region of this critical 
speed properties of tho medium enter which up 
to that point play no part. The most natural 
non-dimensional base for representation then 
changes from vljv at low speeds to v/V at high 
speeds. 

It may be mentioned in passing that in tho 
case of the screw motion of a body not sym- 
[ metrical about the axis of rotation, such as a 
propeller for example, our discussion so far 
implies that at speeds at which the viscous 
scale effect due to the presence of the vljv 
term is no longer of importance as a variant, 
the term ft l/v will become the principal non- 
dimensional base of variation until tho speeds 
developed approach the velocity of sound, 
when the new factor v/V will begin to exorcise 
an increasing influence. The anticipation that 
at such high speeds a critical state will sot in 
is fully borne out by experiment. 

By the method of this chapter it is evident 
that the expression for the pitch of tho note 
produced by the rotation of a propeller at 
normal speeds will be given by 

»=wg). 

while for excessive speeds 



For such an instrument as an Aeolian harp 
if d =diameter of wires, tho pitch of the note is 



Actually Strouhal has found experimentally 
n<x(v/d) indicating that the function is a mere 
constant. It should be remarked that a 
similar expression was found for the period 
of the eddies produced by tho passage of the 
wind past the wires, thus suggesting tho 
connection between the two phenomena. 

§ (26) Deduction of Savant's Law.- .An 

interesting illustration of the power possessed 
by the dimensional method of reducing experi¬ 
mental investigation to the necessary minimum 
is afforded by the investigations of Savart 11 on 
the notes sounded by similar vessels contain¬ 
ing air. The law proposed by him after an 
elaborate series of experiments over extreme 
limits, many notes, and numerous shapes of 
resonating boxes, was that the number of 
vibrations per second, or pitch of tho .resonating 

2 Annales de Chimie, Paris, 1825, xxlx. 
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note, is inversely proportional to the. linear 
dimensions of the vessel. His experiments 
included tests on boxes in the shape of cubes, 
prismatic tubes, conical pipes,^ etc., all of 
which were set. resonating in different ways. 
This result, to establish which required such an 
elaborate series of experiments, can be seen to 
follow at once from dimensional considerations, 
for if n be the number of vibrations per 
second, E and p be the elasticity and density 
of the medium and l a linear dimension of the 
box, then n =f(h H p) an< ^ remembering t lat 
[«.]=T _1 , [E]=ML" 1 T -2 an d [>j =ML- ! , it 
is easily seen that wccl/Z\/(E//>) where the 
constant of proportionality depends purely 
on the shape of the vessel: Savart’s Law 

follows at once. , 

§ (27) Temperature. —In the foregoing dis¬ 
cussion it has been presumed that the tempera¬ 
ture of the medium remains constant, or at 
any rate it does not bring into prominence 
any new property of the medium. It is now 
proposed to remove this restriction. I ho 
conception of temperature is of an essentially 
different nature from any of those we have 
already discussed. The scale of temperature 
is selected to provide some basis for the 
measurement of “ hotness ’ of a body. 
Having at our disposal standards_ of mass, 
length, and time only, it is manifestly impossible 
by means of them to determine or reproduce a 
temperature; for this purpose some other 
property of matter as affected by heat must 
he selected to serve as a standard of measure¬ 
ment. Accordingly, it becomes necessary at 
this stage to introduce a new unit 0 of 
temperature, and in terms of this and the 
units already adopted it should bo possible to 
write down with comparative ease the dimen¬ 
sional expressions for the quantities that now 
arise. 

In dealing with the conduction and con¬ 
vection of heat there are two coefficients, 
characteristic of any particular substance!, 
whoso dimensions will be required; they are, 
a quantity measuring the amount of heat 
that must bo given to raise unit volume of 
the medium through unit degree of tempera¬ 
ture, and a quantity measuring the heat trans¬ 
ferred across a section of unit depth and unit 
area in unit time for unit difference in 
temperature. These quantities are of course 
respectively the specific heat (c)^ and the 
thermal conductivity ( k) of the medium. 

Expressing heat entirely in terms of energy 
units where it occurs, it then follows that 

[r-] = | Heat]/[Vol.] x [Temp.] - ML~ 1 T~ a (H, 

[ft] = [Heat]/[Length] x [Time] x [Temp.] 

= MLT- 3 0- 1 

In connection with many problems of convec¬ 
tion, the effect of the expansion of the air 


under the influence of the heated surfaces may 
attain some considerable importance in the 
transmission of the heat, and as a consequence 
the quantity 3 is introduced, representing the 
change in density per unit change in tem¬ 
perature, or 

5 = D 0 ’ 

[3]-ML- 3 ©" 1 . 

§ (28) Ratio op Cooling op Bonv in 
Quiescent Gas. —As an illustration of the 
utility of the method of dimensions in the 
discussion of problems of cooling, consider 
the rate of loss of heat h of a body of given 
shape, of sizo l of one part, in a quiescent 
atmosphere of density p and kinematic 
viscosity v. If ft and c have the meanings 
previously attached to them and G be the 
temperature difference maintained between the 
body and the gas at a great distance, at which 
the latter is undisturbed by the presence of 
the body, it will bo justifiable to write 

h=f(l, k, c, p, v, 0 ), 
assuming that in this case the changes in 
density with temperature are not sufficient to 
affect the question. The modifications intro¬ 
duced if this condition is violated will ho 
apparent, and adjustment easily made. 

Imagining the function / expanded as in previous 
illustrations in the form 
2AZ 

then [h 

The dimensions of h, the rate of heat loss, are those of 
(Heat)/(Timc)=»ML 2 T- 3 . 

• ML 2 T-» «L“ + »-*" 3u+8 “ T~ 3v “ as ~ fl 

j 10 t 

[Ml . . . y +z+u-l [L] . . . aH-y—a— 

+2iu=2j 

[Tj . . . 3j/-1-23+11 = 3 [(>] . . . 2 /-I-S 
x-.---.l~ in, //: 1 i 2u-v, 

Sea—Sw-I-U, W*-l~-U. 

This provides a typical term in tho expan¬ 
sion in the form 

pk a \ u (cv ' 

rwu) 

and consequently since u, v, and the numerical 
coefficient of each term may as far as can 
hero bo determined have any value what¬ 
soever, it is to be concluded that 
w s 


im[&) ‘(~)\ 


i 

Whether or not all tho quantities which have 
been assumed of importance in tho deter¬ 
mination of h actually do enter is a question 
to be decided only by experiment, to which 
wo shall return shortly. 

§ (29) Non - dimensional Variants.— For 
the moment it can be concluded that the 
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problem of rate of cooling in this instance 
reduces itself to a consideration of the varia¬ 
tion not of h alone, but of the non-dimensional 
group h/lkQ with, the non-dimensional variants 
p/c 2 /Z a c 3 0 and cv/lc. If wo are dealing with the 
rate of cooling in gases then practically cv/lc, 
the ratio of the emissivities for momentum 
and for heat, is a constant for all gases, and 
consequently this term may be omitted from 
the function /. 

A considerable number of experimental 
investigations have been conducted on this 
pioblem and in all cases it has been found 
that the rate of heat loss varies directly as 
the temperature difference 0. In effect this 
implies that h/Q is independent of 0 and that 
consequently /(/c^/ZA 3 ©) above is a constant. 
Hence 

h = allcQ, 

indicating that the rate of cooling is pro¬ 
portional to the size of the body and to the 
conductivity. The coefficient a depends of 
course on the shape of the cooling body. 

If, however, it is illegitimate to assume that 
the expansion of the gas due to heating is 
negligible as a factor in- heat transmission, but 
that the expanded portions becoming thereby 
relatively lighter will tend to stream upwards, 
and as a consequence the heavier portions 
downwards, a new term introducing the change 
in weight of unit volume per unit change 
in temperature must be considered. Such a 
factor is of course g{dp/d9) or go. 

Hence generally 

h—f{h h Of p, v, 0, go), 

and following the lines of the previous argu¬ 
ment 


j- ?)• 


For the reasons adduced in the former ease, 
the final form sufficiently approximate for all 
practical purposes is 

■ 

IkQ Xyc)’ 

provided the problem is restricted to beat 
transmission in gases. The form of the 
function x depending as it does on the shape 
of the body under consideration, will now 
be. completely determined graphically from 
a single set of experiments for which the non- 
dimensional group IgS/c is allowed to vary 
over a range, for each point of which the non- 
dimensional term h/lkQ is measured. The 
resulting curve obtained, invariable for all 
systems of units, will then be characteristic 
of those special boundaries. 

§ (30) Rate op Cooling op a Moving Body 
in a Gas. Problems of great practical import¬ 
ance arise in connection with the rate of heat 
transmission from bodies in motion in the air 
as in the case of radiators and air-cooled 


engines. In these problems the rate 
transmission will actually depend on tl: 
lational velocity V in addition to the qi 
already enumerated above. The intrc 
of this extra symbol, as can easily bo 
by an application of the dimensional ) 
gives rise to the “fluid motion” te: 
in the functional expression. If unch 
circumstances it can legitimately be pi 
that the term brought in by the'rate of 
of density would not materially affect ■ 
of heat transmission, an assumption £ 
be examined shortly, then, for reasons 

aet,ort,1> /,=«/(» 5 ), 

or, since cv/lc is constant for a gas, 

M~4>\v )■ 

§(31) Experimental Determinate 
Unknown Function.— In the case < 
loss from long circular wires past wl: 
is streaming with velocity V, it has been 
that h varies approximately as \ r K 
the moment this be accepted as correc 
possible immediately to determine th 
of the function, for the only expressio; 
such as will make hocVb is A \/(VZ 
the wire, moreover, is of diameter a, it i 
legitimate to substitute a for l in this i 
order that when the wire is of infinite 
there may result a finite heat loss pi 
length. It follows, therefore, on the foi 
assumption that 


since cv/lc is constant. 

The most rational method of repress 
graphically the experimental results r< 
to above would be by plotting the 
dimensi onal te rm h/llcO on the non-dintoi; 
base \Z(Va/v) or ^(oVc/F), from which, 
above law is exact, a straight line woi 
obtained characteristic of that particular 
of wire. 

§ (32) Dynamical Similarity.—I' t i 
be remarked that if ~Vl/v and Ocjp\ 
maintained constant from problem to pn 
the system of stream lines and state o) 
generally will remain geometrically si 
for the velocity v at any point geometi 
fixed with respect to the body will be i 
form v__ fcv VI Oc \ 

V~J{k’ 7’Av’ 

and the argument follows closely that ad 
m the case of the motion of viscous f 
already outlined. 

More recent investigations of the ra 
cooling of wires in a current of air, by ) 

1 Russell, Phil. Mag., 1910. xx. 501. 
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King, 1 have shown the presence of another 
term besides that involving V^, viz. a term 
proportional to the square of the linear dimen¬ 
sions of the hot body. King in fact found 
that a close approximation to the results he 
obtained for the rate of heat transmission was 
given by the empirical formula 

A = (0-0 o )Z{A\/Vo+B + Oa}, 
where A, B, and C are constants for the 
particular gas and shape of wire—circular in 
his case. L. F. Richardson 2 has suggested 
that the presence of the term c(0~O a )la 
indicates that the velocity near the hot body 
is partly produced by the rising of fluid due 
to thermal expansion. It follows, therefore, 
if this is sound, that the additional term 
ought to be expressible in terms of the 
appropriate group already referred to, viz. 
gl/c. dp/dO. 

§ (33) More accurate Determination oit 
Unknown Function. —Writing therefore 


and dependent only on the geometrical con¬ 
ditions. 

II. Dimensions op Electric and Magnetic 
Quantities 

§ (35) Electrostatics. —The treatment of 
electrical and magnetic phenomena from the 
standpoint of the present article presents some 
points of interest. Considering in the first 
place electrostatic, quantities, we possess at 
present no means of expressing electric or 
magnetic charge directly in terms of any of 
the fundamental units already introduced. 
Accordingly a consideration of electrostatic 
quantities must introduce a new unit directly 
related to the charge. The simplest method 
of representation is through the quantity K, the 
specific inductive capacity, and the experi¬ 
mentally known law of force between charged 
bodies. Accordingly we write 

1 ee' ,, 

— ■ —„ = force, 

K r- 


h=lk{0-0 o )f 


j' aVc ga dp 
\ k ’ o' dO 

as derived on dimensional reasoning, and 
equating this to the empirical formula found 
by King, 

AJVa+B + C^ 

it is indicated that the form of the function / 
must be ,—. 

,17 a dp 


7 a dp \ 
7 ‘ dOJ ’ 


V(tO 


+ Q + R- 


dO’ 


h 


= ZI'(0-0 o )[l 


dpi 

dOJ 


where P, Q, and R are now mere numbers 
determined solely by the geometrical conditions 
and universally applicable for any gas onco 
the values of these three numbers have been 
derived from King’s experimental results. 
The complete formula is consequently 

\/ (ir) + Q +R ? 

giving the relation between the rate of heat 
loss and the remaining quantities k, etc., 
which were not presumed variable in the 
actual experiment. 

§ (34) Non-dimensional Groups are the 
Real Variables. —The real variables in fact 
in the problem are the dependent non- 
dimensional quantity hjlk(0-0 o ) and the in¬ 
dependent non-dimensional groups aVc/k and 
gn[c . dp/do, while the most rational graphical 
representation of the experimental results 
would bo obtained by showing the law con¬ 
necting the variation of this dependent 
variable with each of these independent 
variables, the system of curves obtained being 
then characteristic of this class of problem, 

1 Phil. Trans. A, 1914, ccxiv. 373-432. 

2 Proc. Phi/s. Son. xxxii. Pt. V. 400. A discussion 
of the experimental results of numerous workers is 
given from the standpoint of the present article by 
A. II. Davis, mil. Mao., Dec. 1920, xl. 


giving as the dimensions of a charge K-M.-L-T • 
At once, from the definition of the quantities 
concerned, it ispossible to draw up the following 
table : 



Quantity. 

Symbol. 

Dimension. 


Charge .... 

e 

K-M^L-T" 1 


Eleotrio intensity . 

E 



Potential difference . 

V 

K“*M l L*T" x 


Current .... 

i 



Resistance . 

R 

K -1 L _1 T 


Oapaoity .... 

a 

KL 


Specific independent \ 
oapaoity J 

K 

K 


In the same manner, commencing with the 
definition of magnetic permeability p as 

1 mm/ » 

H-sstoroo, 

H ?•“ 

m and m' being the strength of two 
magnetic poles, wo can draw up a parallel 
list of quantities involvod in . magnetic 
phenomena, a.g. strength of magnetic polo has 
dimensions /Am>L 8T“\ It would appear at 
first sight as if those two lists wore quite 
independent and that two separate units, 
K and n, for the discussion of electric and 
magnetio phenomena would require to be 
introduced, but it is known that magnetio 
and electric phenomena are closely interwoven, 
that currents flowing through wires originate 
magnetic fields in their neighbourhood. 

§ (36) Relation between Electrical and 
Magnetic Units.-- We have in fact this con¬ 
necting link, that if a magnetic pole of strength 
m is made to thread a circuit once in whioh is 
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flowing a current of strength i, the total work 
clone is measured by- 

work done=47rm. 

Hence the dimension of the product of mag¬ 
netic strength and electric current are those 
of work. 

. •. (MjJt - 1 )(K -M-LsT - 2 )=ML 2 T- 2 . 

• [ia :j K 5 J = L~'T = [l/VolocityJ. 

The most natural standard velocity to adopt 
in such circumstances would be the velocity 
of electromagnetic waves in the particular 
medium, and accordingly we have the relation 
. pK=A/V 2 , 

where A is some constant which accurate 
experimental investigations have, in fact, 
shown to he equal to unity. This simple 
yet fundamental relation between p and I£ 
enables us at once to reduce the two systems 
of units to one, either by expressing all the 
electrical quantities in terms of magnetic 
units or vice vena. We express them here in 
terms of electromagnetic units as follows : 


Quantity. 

Symbol. 

Dimension. 

Chfirgo .... 

e 

/i'W 

Electric intensity 

]? 


Potential difference. 

V 


Current .... 

i 

/u"*M*L*T" 1 

Resistance . . . 

R 

ALT' 1 

Capacity .... 

C 

-i T -i m a 

P L T 

Specific independent) 
capacity { 

IC 

^L'V 

Strength of magnetic I 
polo / 

m 

' 

^M^T" 1 

Magnetic force . 

h 


Magnotio induction . 

B 

g^M-lf^T' 1 

Magnetic permeability 

P- 

fX 

Coefficient of induct-) 
ance f 

L 

ph 


By means of these dimensional relations it is 
possible once more to group together whole 
classes of investigations as dependent on the 
variation of certain noji-dimensional groups, 
thus indicating a rational method of plotting 
the results obtained. 

_ § (37) Applications.—T he following selec¬ 
tion of simple results can be- derived directly 
by the method of the present article. 

Time taken for a current in a circuit of resistance 
It and inductance L to fall to a given fraction of its 
intensity when switched off is proportional to L/R. 

A periodic E.M.P. of any form whose amplitude 
is specified by R and period 27 r/p acting on any 


system, of resistance R and inductance L, produce;! 
a maximum current given by 


Tor a simple E.M.F. given by Eeospt, it is known that 



Expression for the energy per unit volume of an 
electromagnetic field of electric and magnolia in 
tensities P and H respectively is 



The total energy of a charge e of dimension d movim* 
with velocity v in a medium of constants p and h in 
pvh* /v\ 
it J \Vj’ 

where V = velocity of electromagnetic waves in tin- 
medium ; consequently the electrical mass m is 



The radiation R from an accelerated electron is 

b -vA(|). 

where a=accelerntion, and the radiation is assumed 
independent of the diameter of the electron. 

III. The Application op the Principles op 
Similitude to Models 
^ § (38) Model Experiments and their 
I 1 till - scale Equivalents. ■— The principles 
developed in the foregoing paragraphs, 
serving as they do to group together processus 
occurring in geometrically similar systems, 
provide the most natural method of approach 
to the problem of the relations of models to 
their full-scale counterparts. The lines of 
development in the ease of the use of models 
for the determination of the wind forces on 
aircraft have already been discussed. Two 
further asjiects of the general question will 
be here treated. What, in the first place, must 
a model fulfil as regards working conditions 
in order that its motions and working may ho 
directly comparable with those of the full- 
sized machine ? That is to say, what are tho 
relations between weights, external force's, 
speeds, . etc., that two systems initially 
geometrically similar may continue during 
their motion to remain geometrically similar, 
that the relative positions of the parts of one 
system after a time t may always he similarly 
situated to the relative positions of the corre¬ 
sponding parts at time t', where t and t' bear 
a constant ratio to each other. It is clear 
that if these conditions can be determined 
and a model produced to operate satisfactorily 
while working under them, then the full- 
scale machine will also operate satisfactorily, 
The second aspect, dealing with tho strength 
of construction of the model and of the full- 
scale, \yill be treated shortly. 
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§ (39) Condition fob continued Similar¬ 
ity in Working of Model and Full-scale. 
—Corresponding to each part of the system 
there will he a scheme of equations between 
the moving forces and acceleration produced, 
of the form m((Pxjdt z )=X for the model, and 
for the full-sized machine m'(dV/rZ( /a ) = X', 
where m and in' are the masses of correspond¬ 
ing parts, occupying corresponding positions .r 
and x' at corresponding times t and t'. X 
and X' are the corresponding moving forces. 
For continued geometrical similitude at time 
t and t' connected by Z=1Y, whero T is some 
constant, there must ho x — lx', m— Mm.', and 
X = FX' where l, M, and F are constants 
determining the scale of the one with reference 
to the other. Hence, inserting these in the 
first equation, 

MWI l (!• it ‘T7VVV 

~T 3 oT- X ’ 



and the motions will therefore remain identical 
if Jin/T 2 F = 1, the same equation then apply¬ 
ing both to model and full-scale. Hence the 
moving forces of model and full-scale must be 
in the ratio F, where 


In the same way, had the corresponding times 
been eliminated by comparing the systems at 
corresponding speeds we would have found 
that for similarity tho moving forces must bp 
proportional to M.V 2 /7. 

The following conclusions may accordingly 
be drawn for a comparison of the working 
of a model with that of the full-sized machine : 
Since the weights of the parts, regarded as 
external forces, are proportional to their masses, 
Y z °zl, and the velocity of working must be 
proportional to the square root of tho linear 
dimensions ; external moving _ forces must 
bear a constant ratio to the weight and must 
therefore increase as the cube of tho linear 
dimensions, if model and machine are made 
of the same material. 


IV. Similitude of Structures 
§ (40) Structural Strength. —Turning to 
the question of the relation between tho 
structural strengths of models and full-scale 
constructions, it is proposed to show that the 
theoretical basis of model strength tests on 
structures may he developed in a rigorous 
yet simple form by an application of the 
method of Dimensions. 

When a homogeneous prismatic strut of 
length l and flexural rigidity El, simply 
supported at the ends, is subjected to axial 
end thrust F up to a load given by 



the undoflocted position is one of stable 
equilibrium provided the ultimate stress is 
not exceeded. Beyond this so-called Euler’s 
Critical Load, the straight position is one of 
unstable equilibrium. If the strut bo deflected, 
as long as tlie load is maintained the axis 
will continually undergo change in shape 
until it ultimately takes up a form of 
elastica. During this process the yield point 
of the material may ho exceeded and tho 
material may rupture. Tho strut may thus 
ho supposed to fail for two possible reasons, 
on the one hand because its shape has been 
permanently changed from the straight 
normal position owing to tho instability of 
that position, and on the other hand bceauso 
tho actual material has failed to withstand the 
stresses originated. This conception is of 
course not limited to such a simple structure 
as a strut, for it may he seen that in. general 
a framework of any' kind may fail for cither 
of thoso two reasons. It is proposed to 
investigate what information may bo furnished 
regarding these two types of failure, rupture 
and instability, for a structure in general, by 
an application of the dimensional theory. 

Consider tho case of a structure of tho typo 
of an aeroplane framework for definiteness, 
although the argument is quite general, whero 
it is supposed that the assumptions made in 
tho ordinary beam theory apply to every part. 
Let the length of one part, say a bay, be given 
by l, tho area of a particular section by A, 
moment of inertia I, and tho elasticity and 
density of the material of which it is composed 
E and p respectively. Given these quantities 
for this one portion, it will ho assumed that 
the shape and geometry of tho structure 
involve an exact specification of how to derive 
the corresponding quantities for tho remaining 
portions. Let tho external load ho F, applied 
in Homo given manner specified geometrically, 
and suppose this is sufficient to produce a 
stress just greater than tho yield stress / 
in tho material of the weakest member. F 
can only depend apart from the geometry 
and manner of application upon the quantities 
enumerated above, defining tho properties 
of tho matorial. Thoso are as follows : 


Quantity. - 

Symbol. 

Dimensions. 

Young’s modulus . 

E 

M/LT 2 

Area. . . . 

A. 

L 2 

Moment of inertia . 

i 

L 4 

Length .... 

i 

L 

Density .... 

p 

M/L 2 

Yielding stress . . 

i . 

M/LT 2 

Gravity .... 

17 

L/T 2 

Load . • . • 

E 

ML/T 8 


Since F, the load which will cause collapse 
by rupture of the material, must involve 
these quantities grouped together in, spell a 



04 


DYNAMICAL SIMILARITY, THE PRINCIPLES OP 


manner as to make the dimensions of the pro¬ 
duct identical with those of P, we may write 
P=f(E, A, I ,l,p,f,g). 

Applying the method already used frequently 
in this discussion, we easily find 

A W I' 


where f 
function. 


v~ M i(f A W I\ 

72 He’ z 2 ’/a 5 y )> 


for the 
Writing 


/A P 

moment is an arbitrary 


</;= = 


EJ a 

El' 




so that this quantity may be considered as a 
non-dimensional critical loading coefficient, it 
follows finally that 

// A W I 
W P* /A’ l* 

§ (41) Non-dimensional Critical Loading 
Coefficient. —It is clear from the definition 
of (j> that for a given structure where l, E, and 
I are known <•/> is uniquely determined when E, 
the breaking load, is found, so that the dis¬ 
cussion of collapse by rupture may equally 
well be centred round 0 . Let it be ’clearly 
understood that the exact form of the function 
f above depends only on the geometry of the 
structure, including the manner of loading 
and the law of distribution of material. 

Out of the general class of framework 
embraced in this discussion so far, let there 
he selected a series of which all members 
are identical with respect to external shape, 
differing only in scale. Tins implies that A,’ 
the area of cross-section of any selected part, is 
proportional to l\ and I to P. Eor this series, 
therefore, A/P and I/J 1 are constants depending 
only on the geometry, and accordingly the ex¬ 
pression for (p now takes the simplified form 
ff w 




E /A 


It is not difficult to give an interpretation to 
the two non-dimensional quantities //E and 
W//A. The former, being the ratio of the 
yielding stress to Young’s modulus, may be 
taken as the strain at the yield point, on the 
assumption that Hooke’s Law applies rigor- 
0l !j ° ver t]l ° range. In the same way 
VV//A is the ratio of the weight of a particular 
member, say the weakest, to the maximum 
tensile or compressive force, as the case may be, 
which that member is capable of withstanding 
without yielding, assuming that the section A 
is taken at the position of collapse. 

§ (42) Non-dimensional Variables. — As 
far as a discussion of the breaking load 
coefficient <p 2 is concerned, it is evident that if 
a series of geometrically similar structures be 
selected, two distinct non-dimensional vari¬ 
ables, and two only, functions of the material, 
affect the question. These are the strain at the 
yield point for the weakest member, and the 
ratio of the weight of that member to the 


maximum tensile or compressive force it 
can withstand at the point of yield. It is 
equally clear, however, that the so-called 
geometrical restrictions determining the dis¬ 
tribution of the constants of the materials 
in a composite structure are not absolutely 
vital to the above discussion, so that violations 
of the laws determining the selection of the 
material, from member to member would not 
necessarily vitiate the conclusions arrived at 
here. For example, one would not he rigor¬ 
ously entitled to vary I, A, and E in certain 
members, since such a change would clearly 
upset the geometrical similarity of shape and 
the distribution of force,, with the possible 
result that the previously weakest member 
might now not remain such. No such trouble, 
however, could arise if the selection of the 
materials was made without changing these 
factors, hut allowing a variation in /, the yield¬ 
ing stress, so long as the previously weakest 
member always remains so in the series. This 
is equivalent to an increased latitude in the 
scope of selection of material. 

Generally in. experimenting with a model 
of this nature it is convenient, of course, to 
have corresponding parts in the model and 
the full-scale structure composed of identical 
materials. If, for example, the frame of an 
aeroplane was under discussion, wires in the 
model would be composed of the same metal 
as those in the original; corresponding struts, 
spars, ribs, etc., of the same wood. 

Since the quantities /, E, l, p , etc., in the 
expressions for all refer ultimately, to the 
same part of the model, to ensure geometrical 
similarity in the widest sense it follows that tho 
assumption that //E is a constant is one which 
is obvious experimentally. Under these cir¬ 
cumstances also W//A, as can easily be verified, 
becomes proportional to the linear dimension l. 
The breaking load coefficient c/A, therefore, 
when the weight of the structure contributes 
towards rupture, is purely a function of l, 

■"* 4-” — </ j i(Z), 

and the form of the function is determined 
only by the shape of the various parts, tho 
geometry of the loading and the so-called 
geometry of the material. 

§ (43) Limiting Size of a Heavy Struc¬ 
ture.— -This expression for 0 a may likewise ho 
supposed solved for l in terms of <^ 2 , Eor every 
external load coefficient this equation then 
determines the size of the structure correspond- 
ing to failure. When there is no external load 
and failure is due to weight alone, = 0 , 

an equation determining the smallest sizo of 
a structure that will collapse under its own 
weight. 

When the material is not sufficiently heavy 
to involve the weight of the structure appreci¬ 
ably as a factor in causing collapse, the term 
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W//A may be omitted in the general equation 
and the expression for ff 1 takes the relatively 
simple form 

0 a = 0a(-4V 


§ (44) Non - dimensional Bases, and 
“ Characteristic! Curve.” — Let us imagine 
that the weakest member is replaced by 
another of the same geometrical shape and 
size but with a different value of //E, though 
not so different as to prevent its remaining the 
weakest member; then a test on each one of 
these models will give a particular value of </> 2 , 
breaking load coefficient, and these when 
plotted against //E will give a “ character¬ 
istic curve ” for the structure of the given 
geometry. For geometrically similar struc¬ 
tures of which the corresponding parts are 
made of the same material, so that //E is 
constant, the breaking load coefficient becomes 
an absolute constant for the series depending 
for its value purely on the shape. It follows 
that a simple test to destruction on a model will 
suffice tinder these conditions to determine the 
breaking load coefficient and therefore the 
breaking load F for any other member of the 
series of geometrically similar structures. 

§ (45) Failure due to Instability.— It is 
assumed in this section that the failure is not 
necessarily accompanied by collapse or rupture 
in the material, but is duo merely to perma¬ 
nent deformation of the configuration of the 
structure. It follows that, in the expression 
for the critical load, the yield stress does not 
enter although all the other terms A, l, E, I, 
p, g may do so. Using </> 2 as a critical load 
coefficient defined by FZ 2 /EI = (/> 2 , then 
. /A W IN 

^ eA $)' 

obtained by the same method as in the previous 
section. 

On the understanding that the structures 
in the series are all geometrically similar as 
regards external shape without reference to 
material composing them, then A/Z 2 and I/Z‘ l 
are constants for the series, and 




where W/EA is the ratio of the weight of a 
member to the tensile or compressive force 
required to produce unit strain at some par¬ 
ticular section of that member. 

If corresponding members of the series are 
made of the same material, then W/EA is 
easily seen to be proportional to l, from 
structure to structure, and as before the 
critical loading coefficient 
0 2 — v^s(Z) 

depends on the size only. 

§ (46) Critical Loading Coefficient a 
Constant for Collapse due to Instability, 


—When the weight of the structure is negli¬ 
gible as far as its effect in contributing to 
failure is concerned, the whole instability 
arising from the external loading, then <■/>“ 
is a constant for a series of structures of 
identical form irrespective of the material 
of which it is composed, and a test to destruc¬ 
tion on one model suffices for the series. 

It has been 'found that the critical loading 
for a uniform prismatic strut of negligible 
weight under end thrusts and simply supported 
at the ends is given by 

„ 7T 2 EI 

p 

so that <j) for this structure is tr. For a strut 
under the same conditions, but with clamped 
ends, <!>~2tt. 

In certain cases of simple shapes of 
structures, it is obvious that the function <j> 
may bo derived by calculation, as for example 
in the above two cases, hut for more compli¬ 
cated problems where the calculation is too 
abstruse a number of points on the character¬ 
istic curve may bo derived by a series of 
tests to destruction on models. 

In the special cases where <p is a constant for 
the series a single test on one model is clearly 
sufficient. This, as has been shown, applies 
with equal force where the collapse is duo either 
to instability or to failure of the material. 

The basis of the experimental method thus 
having been made secure, no scale effect 
difficulty of the type normally arising in, say, 
aerodynamic work being present, it should 
now bo possible to proceed to a direct accurate 
test of failure and its causes under various 
circumstances. 

§ (47) Whirling of Shafts.— While the fore¬ 
going analysis applies to structures under 
forces of the static type, a parallel argument 
can be applied whore fluctuating stresses are 
introduced, or whore parts of the structure 
are in motion. In illustration consider the 
problem of whirling of a rotating shaft of 
given outline and section. As before, suppose 
the geometrical shape longitudinally and oross- 
Bootionally to he given, length l, mass per unit 
length m, and flexural rigidity of a particular 
section EI„; then if q he the speed of rotation, 
the defleotion d at the centre, say, will bo a 
function of l, m, E, I 0 , and q, i.e. 

d=f(l, rn, E, I 0 , q)> 
d Aw 2 ? 1 Io\ 


, fmqH‘ l Io\ 
\.EC If ) 


on equating the dimensions of the typical 
group. For a shaft of given geometrical 
outline I/Z 4 is a constant dependent on the 
geometry, hence in varying the size of geo¬ 
metrically similar shafts the ratio of the 
deflection at the centre to the total length will 
depend only on the quantity mq^ff EI 0 . 
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§ (48) Non-dimensional Variable.— If a 
whirling speed exists, then, for some value of 
q, the ratio d/l will theoretically become 
infinite, or at least indeterminate, and this 
carr only occur for some value of the variable 
«ig 2 i 4 /EI 0 , say a. Hence we find that the 
real variable in whirling shaft problems as 
the size and material of the shaft are varied, 
but maintaining the geometrical shape con¬ 
stant, is ■)nqH i l EI„. In actual fact the whirling 
speed of a straight shaft is known to be 



Dynamical Similarity : 

Experimental verification of Rayleigh’s con¬ 
ditions for the motion of fluid's in contact 
with solid boundaries. See “ Eviction ” 

§ m 

Rayleigh’s method of determining the 
essential conditions which must be ful¬ 
filled. See ibid. § (15). 

Dynamics, Particle, Application op Dyna¬ 
mical Similarity to. See “Dynamical 
Similarity, The Principles of,” § (7). 
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and for a homogeneous circular stepped shaft 
made up of three p^Hions, the two end 
pieces of length 1 /4 and diameter d/4, and the 
central portion of length IJ2 and diameter d, 
mq'H 4 __ 

EI 0 ’ 

I 0 boing taken for the central portion. 1 

Eroin the foregoing analysis, moreover, it is 
apparent that shafts of identical geometry 
but differing in size and material will maintain 
their identity in geometry under rotation 
provided they be compared at corresponding 
speeds q x and q t given by 

:e 1 I 1 =(? - ? '\/50; 

§ (49) Expansion in Terms op the Class 
Variables. —It has become apparent in the 
application of the method of the present article 
to various branches of physics and engineer¬ 
ing that in all cases the investigation has 
centred itself round the behaviour of some 
expression represented as a function of a 
certain non-dimensional group of terms. This 
quantity, connecting together as it were a 
whole class of problems possessing certain 
geometrical and dynamical similarities, may 
be termed tbe class vciviahlc. Many problems 
in mathematical physics expressible in terms 
of differential equations would appear then 
to demand a solution as a function of the 
class variable, and accordingly an expansion 
of the solution of the differential equation is 
sought for as a power series in the class vari¬ 
able.. This method has been applied with 
considerable success to the problem of tbe 
crippling of stmts, the whirling of shafts of 
variable flexural rigidity, and to the motion 
of a viscous fluid. 2 In effect this is simply 
an analytical method of representing the 
“characteristic curves” on non-dimensional 
bases obtained so frequently in the fore¬ 
going discussion. l. 

1 Cowley and Levy, Phil . Mag ., 1021, xli. 502 
2 Ibid . 


§ (1) Fundamental Principles.— The work 
done by a prime mover or other agent when 
transmitted by a rotating shaft may bo ex¬ 
pressed by PR(/i, and when by a moving 
chain, rope, or similar agent, by Pd, whore 
P is tlie force acting, R the torque arm, <j> 
the angular displacement, and d the linear 
displacement. 

A dynamometer is an instrument which is 
used for the measurement of the force P,’ or 
the torque PR ; the values of the quantities 
<p and d are usually determined independently. 

The work done by the prime mover may 
either be absorbed by the dynamometer or 
transmitted to a machine in which it is em¬ 
ployed usefully after having been measured. 

It is necessary that the instrument adopted 
should perform, its function with accuracy. 
The whole of the energy developed by the 
prime mover should be included in the measure¬ 
ment made without neglecting that absorbed 
by shaft bearings in the dynamometer itself or 
by gearing or bearings which may bo inter¬ 
posed between the prime mover and the 
dynamometer. 

The load should he capable of fino ad¬ 
justment under running conditions, and 
this adjustment should preferably be over 
a considerable range of power in order 
| that .the prime .mover may he tested from 
its minimum to its maximum power capacity 
without the necessity for frequently stopping 
down. 

The construction of a dynamometer should 
be such that it imposes no force on the prime 
mover other than that for which it was 
designed. For example, a dynamometer 
suitable for testing a petrol motor should 
exert a pure torque, otherwise the motor 
bearings will be called upon to take loads, 
and the shaft to resist bending and shear 
stresses, additional to those for which they 
were intended. 

. It is. desirable, in the type of dynamometer 
m which the power is absorbed, that the 
inertia of the rotating parts should he small 
in order, that a stoppage may readily ho 
effected if failure of the prime mover should 
occur, as tbe energy stored in a heavy rotor 
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revolving at a high speed may he sufficient to 
cause very serious damage. 

In order that accurate measurements may 
be made, it is essential that the dynamometer 
should apply the load extremely steadily, 
otherwise violent oscillations will be set up 
rendering the employment of heavy dash pots 
necessary, which is undesirable. 

The variation of load with speed for the 
same setting of the apparatus should be such 
that “ hunting ” of the load is eliminated. 

(i.) Absorption Dynamometers. — In these 
the energy generated is converted either into 
heat by the intermediary of solid or fluid 
friction, or into electrical energy by means of 
a generator. 

The apparatus in most common use is the 
fluid friction brake, this being simple in 
construction, easy to regulate over a wide 
range, and extremely steady in action. 

The solid friction brake for large powers 
requires considerable experience in manipula¬ 
tion in order to avoid unsteadiness due to 
violent snatching of the load. In its simplest 
form for small powers, that of the rope brake, 
it is a very efficient and accurate brake and 
runs very steadily if proper precautions are 
taken. 

(ii.) Transmission Dynamometers, for the 
measurement of power transmitted by a shaft, 
exist in three fairly common forms, viz.: 

(1) Torsionmeters, in which the angle of 
twist of a length of the shaft due to torsional 
stress is measured either optically or by 
mechanical means. 

(2) Torque-meters, in which the torque load 
is transmitted by springs, or by hydraulic 
plungers, the extensions of the former and 
the fluid pressure set up by the latter being 
indicated or recorded. 

(3) Instruments for measuring the power 
transmitted by means of a belt on the shaft 
of the prime mover. 

The last vary considerably in form but the 
object, achieved is the same in each case, viz. 
tho measurement of the difference in tension 
of tho belt on either side of tho driven pulley. 

Another important form of the transmission 
dynamometer is tho traction motor for the 
measurement of the tractive effort of self- 
propelled vehicles. Dynamometers have been 
designed for measuring and recording the 
tractive effort of locomotives, motor cars, and 
traction engines and tho tractive resistance of 
railway carriages, wagons, wheels, and ploughs. 

§ (2) Absorption Dynamometers, (i.) The 
Prony Brahe. —In its original form this brake 
consisted of two stout beams of wood clamped 
upon the shaft or on a pulley fixed thereto. 
The beams were suitably bored in order to 
grip a largo proportion of the circumference 
of tho shaft, and the nuts on the clamping 
bolts served as a means of adjusting the 

VOL. i 


frictional resistance between the shaft and tho 
brake. A horizontal arm, usually an extension 
of tho upper beam, supported a load pan on 
which the weights were hung, a fine adjust¬ 
ment being provided by a jockey weight, the 
position of which could bo adjusted along the 
beam. The movement of the end of the arm 
was confined within small limits by rigid 
stops, one above and one below tho arm. 
Fig. 1 shows diagrammatioally the arrange¬ 
ment. 

Very liberal lubrication of the frictional 
surfaces was necessary to ensure smooth 
running, but at best considerable vibration of 
the arm took place due to the variation in 
frictional resistance between the brake and 
the shaft, the end of tho arm oscillating 
violently between tho stops and rendering a 
good balance difficult to obtain. 

The torque T exerted by tho shaft when 
the brake is balanced is represented by PR 
whore P is the frictional resistance between 
the brake surfaces, and R the radius of the 
surfaces ; it is measured by the algebraic sum 
of the moments of the load, jockey weight, 


Stops 



and tho brake beams about tho centre of the 
shaft. 

In calculating the horse-power developed 
the factor <f> is required and is obtained by 
means of a tachometer or by revolution 
counter and stop watch. 

The rate at which work is absorbed is 
expressed by 

2ttTN 

Horse-power • 

whore N is the speed in revolutions per second, 
and T tho torque as measured by the brake in 
pound feet units. 

(ii.) Modifications of the Prony Brahe.— 
Several improvements and modifications have 
boon made on tho original brake as first used by 
Prony. They consist chiefly in arranging that 
the grip of the brake blocks shall automatic¬ 
ally altor with tho value of tho coefficient of 
friction, thus maintaining the total frictional 
force and therefore tho value of T more or less 
constant. 

The Appold brake is shown in Pig, 2 and 
is an example of one of many compensating 
brakes. The wooden blocks forming the brake 
are connected together by a steel banc! pro¬ 
vided with a hand adjusting screw at A, the 
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ends of the steel band being connected to the 
compensating lever at B and C as shown. 
The end of the lever D is pivoted to the engine 
frame. The load is supported, as shown, from 
a hook attached to the steel band, a pointer 
being provided to indicate when the hook is 
level with the centre of the shaft. 

In the normal position the hook is opposite 
the pointer and the lever BD is vertical. 
When the load is lifted, the lever moving about 
D as centre rotates with the steel band and 



virtually increases its length, thus slackening 
the band and partly relieving the load. 

If the load falls, due to the coefficient of 
friction decreasing, the compensating lever 
shifts round in the opposite direction, tightens 
the band, and thus increases the grip and lifts 
the load. 

In practice it is found that nearly as much 
adjustment of the load is required as with¬ 
out the compensating device, hut the chief 
objection to the brake is that when a heavy 
torque is being measured the lever reacts on 
the frame with sufficient force to cause an 



appreciable error in the result obtained if the 
ordinary method of calculation is adopted. 

A better form of compensating brake, but 
one perhaps not so well known, is that designed 
by Sir. Balk and originally used by Messrs. 
Ransomes Sims and Jeffries. It is shown 
diagrammatically in Fig. 3. 

The compensating lever is here outside the 
disc of the brake wheel, and is connected at 
B and G to the ends of the strap and the 
load pan is hung from the point D. Suitable 
stops are provided for the lever. The weight 
of the brake adjustment load must be taken 


into consideration in determining the torque : 
it must be considered as acting at a radius 
equal to its horizontal distance from the centre 
of the shaft, and its moment must bo deducted 
from that of the load P. 

Solid friction brakes may be used to absorb 
greater powers if the wheel is water cooled. 
The major portion of tlio energy which is 
converted into heat is thus quickly disposed 
of, and one of the chief sources of trouble, 
namely overheating, is then removed. After 
a preliminary period of running with water 
cooling the brake blocks assumo a more 
constant frictional resistance, rendering tlio 
brake much steadier to run. 

Water cooling of the wheel is very simply 
effected by making the rim of tlio brake wheel 
of trough section, thus enabling it to hold 
water when revolving by virtue of the 
centrifugal forces called into action. Water 



the end of the pipe being turned in the 
direction of rotation. Tlio outlet pipe :ia 
usually flattened at the end which is directed 
against the stream of water which passes 
round with the wheel and out through the 
discharge pipe. 

The flow is adjusted until a reasonable 
steady temperature is attained. 

(iii.) Hope Brakes .—For small powers the 
rope brakes introduced by the late Lord Kelvin 
and Professor James Thomson are very success¬ 
ful. The former is illustrated in Fig. 4 and the 
latter in Fig. 5. 

Lord Kelvin’s brake consists of a loop of 
rope wrapped round the fly wheel of the prime 
mover, one end of the loop supporting a 
weight W, the other being held vertically by 
a spring balance. Wood blocks are secured 
to the ropes in order to keep them properly 
spaced to prevent the ropes from rubbing 
together where they leave the wheel tan¬ 
gentially. The wood blocks are not used as 
brake blocks. 
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if tins wheel turns in the direction of the { 
arrow the torque is represented by (W — to)R, 
where tv is the force indicated by the spring 
balance and R the radius from the centre of 
the wheel to the centre of the rope. 

When the value of the frictional force 
changes, the load rises or falls against the 
action of the spring balance, the brake thus 
adjusting itself to the new condition. 

In using tho brake it is advisable to have the 
ropes and wheel rim either perfectly free from 
grease, by using new ropo and cleaning the 
wheel rim with petrol, or else thoroughly 
greased. 

If the lubricant is scanty or in patches the 
weight will hunt, rising and falling regularly, 
rendering it difficult to obtain a reading of the 
spring balance with any degree of accuracy. 

The brake, of Fig. f> consists 
of fast and loose pulleys 
mounted side by side on the 
driving shaft. It is arranged 
that a ropo dipped on the loose 
pulley hangs down over the 
fast pulley on one side and 
over the pulley to which it is 
fixed on the other. 

Tho frictional resistance be¬ 
tween the fast pulley and the 
ropo causes the loose pulley to 
rotate through a small angle in 
the direction of rotation of the 
shaft, and in doing so it lifts 
a weight suspended by the ropo 
hanging over it. At the same 
time the ropo over the fast 
pulley, which also supports a 
weight, is, by the rotation of 
tho loose pulley, slightly un- 
, wound from tho running pulley, 
thus reducing its arc of contact, 
and, therefore, its braking effect. The re¬ 
sistance is thus automatically adjusted. 

It should be noted that solid friction brakes, 
ill consequence of the frictional resistance being 
practically constant over a wido range of speed, 
cannot be mieeessfully employed for the measure¬ 
ment of power generated by a prime mover such as a 
petrol motor in which the torque also remains con- 
si,ant, over the same range, of speed. 

In such a euHe it is extremely.difficult to maintain 
the speed of the prime mover at even an approxi¬ 
mately constant value, and the brake needs continu¬ 
ous attention if steady values of the power are to 
be obtained. 

(iv.) T/te Fronde Water Brahe 1 (Fig. G).—This 
brake is of tho fluid friction type and is very 
extensively used both commercially and in the 
laboratory. It consists of a wheel or rotor 
attaohed'to a driven shaft revolving inside a 
easing through which water is circulated. The 
easing is mounted on trunnions which enshroud 
* Scoatoo “Hydraulics,” HOI). 


the shaft at either end but are free from it 
aud it is free to rotate through a small angle 
in eithci direction in bearings offering very 
little frictional resistance. On both sides of 
the brake wheel are formed semi-elliptical 
annular channels divided into 24 pockets by- 
narrow oblique partitions or vanes which are 
approximately semicircular discs inclined at 
an angle of 45° to the axis. The vanes on 
one side of the rotor are inclined at right 
angles to those on the opposite side, but are also 
at 45° to the axis. The faces on the inside of 
the brake casing are formed in the same 
manner as those of the rotor, the vanes being 
in the same planes as those on the adjacent 
rotor face completing the formation of the 
circular disc inclined at 45°. The number of 
pockets in the rotor and stator differ by one 



Fie. 6, 

on each side. The pockets between the rotor 
and casing thus form complete annular channels 
of elliptical cross section divided into sections 
by the vanes. There is only a very small 
clearance between the faces of the rotor and 
the casing. 

The formation of the channels and vanes is 
shown in detail in the developed section of 
rotor and casing in Fig. 6, the section being 
made by a cylinder passing through the water 
holes shown in the principal section. 

It will be seen that the vanes are inclined 
at an angle of 45° to the direction of motion, 
and that those on opposite sides of the centre 
line are at right angles to each other. 

The difference in pitch of the vanes which 
may be observed is due to the difference in 
the number of vanes in the rotor and easing 
respectively. 

If, in the view shown, the rotor be moved 
untiL one of its vanes comes into line with one 
of the vanes of the casing, then the line thus 
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formed is a section across a diameter of an 
approximately circular disc, one half of which 
is formed by the rotor and the other half by 
thecasing. The circular disc viewed along the 
direction of motion has the elliptical appear¬ 
ance shown in the principal sectional view. 

When the shaft is rotated, centrifugal action 
sets up vortices in the pockets in a plane at 
45° to the axis, and the wheel and case are 
thus urged in opposite directions also at an 
angle of 45°. 

The components of the forces produced are 
balanced in the direction parallel to the shaft 
due to the arrangement of the vanes on 
opposite sides of the centre line, but tangen¬ 
tially they react on the casing. The moment 
required, therefore, to prevent rotation of the 
case is equal to the torque on the shaft. The 
water which is supplied continuously to the 
brake, when running, passes from pocket to 
pocket, at the same time rotating at a high 
rate of speed, finally emerging at a temperature 
which can he regulated by the supply valve. 

The brake is regulated by means of thin 
sluice gates or plates, inserted between the 
channels in the rotor and casing. The resistance 
offered by the brake for a particular setting 
of the plates varies approximately as the 
square of the speed, so that the brake is well 
suited for testing under conditions of constant 
torque. 

The stator ease is provided with bearings 
and packing glands where the shaft passes 
through it, but the friction of these reacts on 
the casing and is measured. The case is also 
provided with a torque arm supported by a 
spring balance, which in turn is suspended 
from a hook which can be adjusted in a vertical 
direction in order that the torque arm shall 
remain horizontal. The load is hung at the 
end of the torque arm directly under the 
spring balance, and the effective torque load 
is obtained by taking the difference of the load 
and the spring balance reading. 

The effect of the sluice gates is to reduce 
the effective surface, thus increasing the range 
of service. The capacity of a dynamometer 
absorbing 800 horse-power at 800 revolutions 
a minute can be adjusted to absorb 40 horse¬ 
power at 200 revolutions per minute. 

{v.) Electrical Brakes. The National Physical 
Laboratory Dynamometer .—In this brake the 
power developed is absorbed electrically but 
measured mechanically. The electrical meas¬ 
urement of the power depends in some measure 
on the accuracy of the instruments employed 
and on the temperature of the field magnet 
and armature windings of the generator. 

The prime mover under test is coupled 
direct to the shaft of a generator, the outer 
frame of which is mounted on bearings offering 
small frictional resistance, and the torque on 
this frame is measured. The power generated I 


is carried by very flexible cables to resistance 
mats by which it is dissipated as heat. 

Fig. 7 shows the method of supporting the 
field magnet frame. The latter is provided 
with hard steel rings A at either end, these 
rings being ground truly concentric with the 
axis of the shaft and securely fixed to the 
frame. 

The rings rest on the sectors B, B, which are 
also of hard steel ground truly cylindrical on 
the curved surface with the knife edge as 
centre. The sectors support the whole weight of 
the generator, which being thus mounted can 
oscillate through a small arc with extremely 
little resistance to motion. 

Ball bearings mounted on vertical posts are 
provided at each end of the generator frame, 
bearing against the sides of the steel rings, to 
limit the end motion and to take the thrust 
should the frame inadvertently be moved too 
far in a longitudinal direction. 



so that the torque can be measured when the 
brake is running in either direction. 

The torque arms are balanced, and one is 
provided in the usual manner with stops to 
limit the angle of oscillation. 

The load is hung from a knife edge on one 
of the arms, a fine adjustment being obtained 
by means of a spring which partly relieves 
the load. It is arranged that extensions of 
the spring are magnified and indicated on 
a moving sheet of paper so that the variations 
in torque of the prime mover under teat are 
recorded. The paper movement is effected 
by a clock mechanism, and indications of 
speed are also recorded electrically. 

The arrangement of the recording instru¬ 
ment is clearly shown in the figure. 

As in the case of the Froude water brake, 
the bearing friction, and incidentally tho 
brush friction, is measured at the torque 
arm, so that the method affords an accurate 
means of measuring power. It has the dis- 
advantages of having a small range of power 
and speed, and a heavy rotor, but these are 







DYNAMOMETERS 


101 


somewhat compensated for by the fact that 
the generator can be used as a motor either 
for starting an internal combustion engine or 
for supplying power to a machine whoso 
torque resistance is required to be measured. 

It is estimated that, under steady conditions 
of running, determinations of torque can he 
made on this dynamometer to an accuracy 
of 0T per cent. 

(vi.) Eddy-current Brake (Fig. 8).—A very 
successful form of eddy-current brake has been 


The shaft is partly relieved of the weight of 
the frame by a link suspension attached to an 
overhead spring balance, and this method 
of suspension enables the frame to be sup¬ 
ported without producing a twisting moment 
about the shaft centre. 

The overhung load on the shaft can be 
varied as desired by adjusting the tension of 
the support. 

The air gap between the copper discs and. 
the field magnet poles is fixed, and the rigidity 



Section on AB. 


I B 

Fig. 8. 


torque Arm 


developed by Dr. D. K. Morris and G. A. Lister, 
and is described fully in a paper to the Bir¬ 
mingham Local Section of the Institution of 
Electrical Engineers, 1905. 

The brake was designed to absorb 5 horse¬ 
power at 1000 revolutions per minute, and 
made for use in the Electrical Laboratory of 
the University of Birmingham. 

The apparatus is made for attachment 
to the shaft of the prime movor in place of the 
ordinary pulley, and consists of two elements, 
one in the form of copper discs fixed to and 
concentric with the shaft, and the other a 
circular frame also concentric with the shaft 
and carrying magnetising coils at regular 
intervals round its periphery. 

The magnet frame, or stator, is centred by 
a revolving bush securely keyed to the shaft 
and is provided with a torque arm, jockey 
weight, and stops, in the usual manner. 

Two copper discs are provided on the rotor, 
and are fixed to the revolving bush one on 
either side of the magnet coils, the axes of 
which are parallel to the shaft axis, and by 
this arrangement both electrical symmetry 
and mechanical balance are assured and the 
brake is rendered astatic. 


of the construction enables it to bo made small. 
External yoke rings are provided and are 
supported by brackets from the magnet frame, 
the brackets being clamped in such a manner 


hat the external 
laps botween the 
yoke rings and 
the copper discs 
can be adjusted. 

The limit of 
the capacity of 
tlio brake is 
determined by 
the temperature 
of the magnet 
coils. 

(vii.) Fan 
B r a 1c e s. T h e 
Centrifugal Fan 
(Fig. 9). — The 
Centrifugal Fan 
Brake usually 


Fig. 9. 


lonsists of two square or rectangular plates 
icld by radial arms in such a manner that 
hey are presented normally to the direction 
if motion! The brake is more frequently used 
is a ready means of applying a load to a shaft 
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rotating at a high speed than as a means of ! 
measuring torque. It is necessary that it 
should be calibrated by means of an accurate 
dynamometer, but the calibration is affected by 
variations in temperature and pressure of the 
surrounding atmosphere, cross-currents of air, 
and the proximity of supports, adjacent walls 
and floor, and of the prime mover under test. 

The load is adjusted either by moving the 
plates along the radial arms or by fitting plates 
of a different size, these methods of adjustment 
having the great disadvantage of necessitating 
the stoppage of the prime mover under test. 

Attempts to render the blades adjustable 
during rotation have met with little success 
owing chiefly to the difficulty of designing the 
adjusting mechanism to operate against the 
centrifugal forces acting on the blades. 

flhe torque due to the blades alone, for 
ordinary speeds and sizes, varies as the square 
of the speed, the cube of the radius of the 
blades,, the area of the blades, the density of 
the fluid m which the fan is working, and on a 
factor depending on the environment. 

. ^ 10 £ an brake is cheap to manufacture and 
is usually easy to fit to the shaft of the P ri me 
mover. For these reasons it is frequently 
used commercially as a brake for “ running 
m and “endurance” tests where the power 
absorbed is not required to be known with 
accuracy. It may be used for comparative 
tests provided the atmospheric conditions 
and the environment remain constant through- 
out the tests, hut neglect of these factors may 
effect an error of 10 to 20 per cent in tho 
measured torque. 

(viii.) The Escargot ” Fan Brake for testing 
Aeronautical Engines .—In order to reproduce 
as far as possible the cooling effect produced 
on an.aeronautical engine under flying condi¬ 
tions, it is essential that the engine under test 
shall work in a current of air projected on it 
at a speed comparable with the flying speed, 

The cooling is effected in tho escamit 
arrangement by a fan brake driven by the 
engine under test and mounted in a chamber 
resembling that of an ordinary fan casing. 

The intake of the air is in the side of the 
casing opposite the fan centre. 

. Rotary or radial engines are usually mounted 
inside the escargot, Fig. 10, being then in the 
direct path of the incoming current of air. 

Vee or vertical engines are fixed on a bed 
outside the fan chamber, and the air from the 
discharge orifice is directed on to the engine 
either from above or from the front. 

In the latter arrangement the fan is driven 
through an intermediate shaft and universal 
couplings. 

running in ” and “ endurance ” tests 
the brake may be calibrated by means of an 
electric motor, but is open to the objections 
which have already been summarised under 


the heading of the “ Fan Brake.” For tests 
of greater accuracy it is usual to mount the 
engine on a floating torque-balance gear by 
which the reactive torque on the engine may 
be measured. J 

When the engine is so mounted it is essential, 
if accurate results are to be obtained, that 
the axis of the rocking frame shall coincide 
with the fan axis, otherwise the mpment 
measured will differ considerably from tho 
true, torque according to the position of the 
fan in the escargot. 

. § (3) Transmission Dynamometers. Tor- 
swnmeters .—In eases where it is desired to 
veep a check on the power developed by a 
prime mover, or where the absorption of the 
power . cannot conveniently be effected, a 
transmission dynamometer is employed. This 
instrument exists in several forms of torsion- 
meters, the function of which is to measure 
the angle of twist in a length of the shaft 
driven by the prime mover, and from this 



Fig. 10. 


measurement, by previous calibration or bv 
calculation, the torque is deduced. 

(i ■ ) 11 opkinson-T bring Torsionmeler (Fig. 11 ). 
—This instrument was designed by Professor 
Bertram Hoplunson and Mr. Tilling for the 
determination of the power transmitted by 
turbine shafts, and is used to a very large extent 
on steamships. The principle of the apparatus 
is the measurement of the relative angle of 
twist between adjacent sections of the shaft 
and the indication of this movement on a fixed 
scale. The length of the shaft taken up by tho 
instrument is very small, being, for sizes‘over 
8 inches diameter, about three diameters long 
and for smaller shafts about four diameters. 

I he instrument consists essentially of two 
flanges clipped to the shaft at a measured 
distance apart. A sleeve enclosing the shaft 
connects the two flanges, being formed solid 
with the one but free to rotate through a 
small angle on the other, by which it is 
retained concentric with the shaft. The twist 
of the latter causes relative angular motion 
between the free end of the sleeve and the 
ange adjacent to it, and this motion is indi¬ 
cated on a fixed scale by means of a mirror. 
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Tho mirror is mounted on trunnions working 
in bearings fixed to the flange, tlie axis of the 
trunnions being radial. The mirror is pro¬ 
vided with a short radius arm which is con¬ 
nected to an adjustable block on the sleeve 
by a thin phosphor-bronze link. The tan¬ 
gential movement of the sleeve block is 
governed by a micrometer screw in order that 
the relation between the movement at the 
radius of the mirror from the centre of the 
shaft and the spot of light on the scale may 
be ascertained. 

A fixed mirror is attached to one of the 



movable mirror when there is no torque on 
the shaft. 

An electric lamp fixed just above the scale 
provides tho beam of light whioh^ is reflected 
from the two mirrors on the scale successively 
as the shaft rotates. 

A shift of the apparatus relative to the 
scale is indicated by an alteration of the 
position of the beam reflected by tho fixed 
or “ zero ” mirror, and this can readily he 
adjusted by moving the scale. 

The moving mirror is silvered both back 
and front so that two reflections, one on either 
side of the zero, are received from it during 
one revolution of the shaft. The mean of the 
two readings may thus bo takon whatever 
the position of the zero. 

The instrument may be calibrated directly 
by applying a known torsion to the shaft 


an instantaneous 


. Bright 
y'Bead 


and noting the reading of the scale, or by 
calculation from a knowledge of the torsional 
rigidity of the shaft and the various leverages 
and distances involved in the conversion of 
the twist to the movement of the spot of light 
on tho scale. 

The apparatus gives 
reading of tho torsion in 
the shaft at a particular 
angular position in the 
revolution, the angle 
being fixed by the posi¬ 
tions of the mirrors and 
scale. 

The torsion at any 
other part of the revolu¬ 
tion may be obtained by 
mounting the scale on a 
circular f ram e concentric 

with the shaft and shifting the scale and lamp 
to the angular position required. 

(ii.) The Ayrton and .Perry Torsionmeter 
(Fig. 12).—This dynamometer is designed for 
use in tho place of the ordinary shaft coupling, 
which purpose it also serves. The two halves, 
one on each shaft, are connected by means 
of helical springs, three or four in number, 
arranged in a position approximately tan¬ 
gential to the shaft. When power is trans¬ 
mitted, the drive is taken through the springs 
which extend under the load. The stretch 
of the springs allows relative angular move¬ 
ment between the shafts, and this is indicated 
by a lever arrangement which has the ultimate 
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effect of reducing tho distance of a bright 
bead from the shaft i 

centre. Tho radial -|f 

position of the 
bead is observed 
against a black 
disc on which a 
scale is marked. 

The apparatus 
is calibrated di¬ 
rectly or by cal¬ 
culation from the 
stiffness of the 
springs and tho 
magnification of 
their extension 
which has been 
employed. Cali¬ 
bration against an I’ig. 13. 

absorption dyna- 

momotor is preferable if it is thought that 
tho arrangement of the springs adopted is 
likely to give different calibrations statically 
and dynamically. 

§ (4) Tiiornyoroft or Froum Belt Dyna¬ 
mometer. —The arrangement of this transmis¬ 
sion dynamometer is shown in Fig. 13. The 
pulley'D, fixed to the shaft of the prime mover, 
drives the pulley F by means of a belt which 
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Th?°f l n tUm round the two P«Ueys A and B. 
wivi i . ter are supported by a frame ABL 
d “ , ls P^oted at E. It is obvious that the 
tW f ° rce 011 the P ulJ, y A ^11 exceed 

in i the pulley B by twice the difference 

Imli ° n ?, 0f the tight and slack sides of the 
r m ■ ei ther the driving or driven pulley. 

Avarr]/ 1 ^ 116 ! A 1 BL wi]I tllerefor e tilt down- 
but its symmetrical position is 
woTT ® lther by a force a t P, or by adding 
ofVi, to a scale-pan hung on an extension 
ot Liio arm AB at L. The motion of the end 

hv n? Q iev “ 13 conflned within small limits 
moans of Stops. 

/o eIt te ‘ lsion difference is expressed by 
j i ,> horae -P°w6r developed by 

mdh 1 TfZ T ^ J ,5 °! where R and N are the 

seen nr? 11 a ? d speed 111 revolutions per 
rrV, 1 res Pectively of the driven pulley. 

witl mi f ] ?° Wei i iS n0t transmitted entirely 
mill f] Ut lc n b f ause of the Slip Of the belt 
h pulley bearing friction. These losses. 


n,;J'-D ynamometer Cars and Traction 
kJur I OMBT 7 r Many instruments have 
vc I v g ? d measure the resistance of 
of Holf ’ *° iff 01 ] ai ] d also tho tractive effort 

Vel ! lcl0S -, Tlie pi dl is usually 
hansimUed through either a small plunger 
., ' la P u-agni, in which case the pressure set 
of a KJUld 00lumn is tvoorded by means 

n d f SUre . gaugc ’ or through helical or 

**•*» " f «** *- 

he British Association Apparatus.— 
worn ° f f eai ' le3t tests in this country 

d^LZT’f T fvV^ 1 dyaamometei, 

. gned for the British Association, for the 

“ST ° f th ° ~ btan " ° f - ad -Woles 

w1 ‘hlri' o-PPOJatuB comprised a castor frame in 

whi h JhT b6 m °T tCd a Single wheel on 
utm on, 1 r experiments were to he made, a 

tXrm °; ' Icvcrs for transmitting to a small 
pmngoi. the pull exerted on the wheel a 

m,?r,nwf *T g “ s “, for tho 

pull, and a recording speedometer. 

J lie castor frame was of wrought iron and 
wefcmigular in shape, and was adapted to take 
wheals of various widths. The axle of the 
experimental wheel was mounted on springs 
one under each side of the frame. The springs 
used were of tho ordinary laminated carriage 
typo constructed in such a manner that 
their stillness could be adjusted hy varying 
tile number of plates forming a spring. The 
frame was loaded by cast-iron weights fitting 
oyer tho castor frame. B 

An attachment was made to the levers 
transmitting: the pull by a swivel joint which 
allowed the frame to oscillate vertically and 
1 British Association Report, 1902, I 


to follow freely round a curve without affecting 
the records, but so held it that the wheel 
always remained vertical. The fulcrum of 
the lever could be moved to either of four 
positions such that the pressure on the plunger 
was equal to, or two, four, or eight times tlm 
pull exerted on the frame. The range of the 
apparatus could thus be varied from 5 to 500 lbs 
The record of pressure and speed was made 

XCt ° n ‘ S, T of p*p» wi.i.1, ™ 

rotated by a roller the motion of which was 
g ,“" ng from a,e r, “ d 

mi+ ii Hy t In ^ rume >it .—This dynamo- 

minSioTTp S ? eda i ly design ° d for tbe ( Wter- 
“ draw-bar pull of farm tractors 

and the tractive resistance of ploughs working 
under various conditions. g 

The pull is transmitted from the tractor to 

nhtof'w , r ° Ugil a Hnk ° l> cIlain aad a 

eontafos n "Tk "? a Cyliluler - The latter 
contains a lubber hag containing liquid which 

the p . iston - 

Tn 'r W - in , 0nC , 0f three diff erent ways 
giving diffeient ratios between tho pull and the 

1200 jr^peSly”" P “ ,1S ° f 30 °' “ d 

The recorder consists of a Bristol recording 
pressure gauge. It is connected to the pressure 
umt by a flexible metallic tuba which convaya 
j * K| " ld u , nd<ir P«»u» from the rubber bag 
; a Eourd( ? n Pressure tube which actuates 
the pen mechanism. A needle valve, inserted 

tho flowTf 1 r G tU l )e> 3 T y be ad i ustod t0 control 

wb^;r”r t“ d to d “ mp ont «—«> 

The chart is a circular sheet of paper divided 
nenWel °- COneentric circI ^ across which the 

fomrimT M1 ap + pr0X1 l mately rftd l a l direction 
liom the centre outwards with increasing pull 

, 3l ,° ollart ]S caused to rotate hy a wheel 
Inch rolls over the ground and which is 

a 1 flexible T° rding l^trument by 

a liexible shaft and snitablo gearing The 
ctroumferenao of the chart is g ( «S d ^ 

“ di *”“ 

A second pen records the elapsed time on 

A 1 M /F aCe at tlle edgT ° of the chart, 
f CJf f k In , tho recorder case, fitted with a 

t lG tj ? e pen at one_m inute intervals, 
i f®!, ° f a minut0 may be estimated 
■wbini U +u ng Ihc niim lier of smaller spaces over 
which the pen has travelled. The division is 
accomplished hy dividing tho annular 
oy a number of concentric circles and bv 
causing the time pen to travel from the outer 

wE-l 6 ] -T er nng in the min ate interval, after 
which !t is ag ai n tripped baok to the outer 

g ’ lts patb bein S practically a radial line. 

witb e J eCOrd l r 18 lightIy built and ia Provided 
wdh straps by which it is carried hy an 

assistant during a test. It is arranged that 
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the rolling wheel may either bo clipped to the 

tractor or guided by hand. 

From the chart obtained, the draw-bar pull, 
the distance travelled every six seconds, and 
the speed during the test may be deduced. 

(iii.) The, National Physical Laboratory Tractor 
Dynamometer Gar. —This apparatus was con¬ 
structed solely for measuring and recording 
the tractive effort of farm tractors, for which 
purpose-it has been successfully used. The 
car employed was a heavy four-wheeled lorry 
trailer, the rear wheels of which were fitted 
with speeds and band brakes, the latter being 
operated by a hand wheel from the front of 
the vehicle. The apparatus was mounted on 
an extension of the bogie frame carrying the 
wheels of the trailer. 

The pull of the tractor was converted to 
pressure on a leather diaphragm by means 
of a bell-crank lever suitably pivoted, the 
diaphragm being faced on the pressure _ side 
with a rubber disc to prevent leakage of the 
liquid in the diaphragm box through the leather. 

A flexible hydraulic pipe connected the dia¬ 
phragm casing to a Bourdon pressure tube 
operating a pen mechanism, and a record of 
the pressure was thus obtained on a roll of 
paper. The latter was caused to move pro¬ 
portionally to the distance travelled by the 
car, the driving drum being rotated by means 
of gearing and a flexible shaft from the 
leading road wheels. 

Two other pens were also provided, one 
operated by a clock in order to give time 
indications every two seconds, and the other 
operated through gearing and giving indications 
of the revolutions of the tractor engine. 

The diaphragm box, to which was attached 
the fulcrum of the bell-crank lover, could bo 
adjusted vertically so that the rope or chain 
connection to the tractor could bo arranged 
horizontally. 

In carrying out a test, the brakes of the 
car were adjusted, and the car loaded with 
dead weights, until either the engine of the 
tractor was pulled up or the driving wheels 
began to slip. Thus the maximum pull of 
the tractor on the particular surface chosen 
for the tests was obtained. 

(iv.) Railway Dynamometer Gars. —Dynamo¬ 
meter cars have been constructed for traction 
tests on locomotive engines and tractive resist¬ 
ance tests on railway rolling atook. 'The car 
usually takes the form of a special coach, the 
draw-bar pull and buffer thrust being recorded, 
with the speed, on a paper-covered drum drivon 
through gearing from one of the road wheels. 

A most successful car of this type is that 
designed by Mr. George Hughes for the 
Lancashire and Yorkshire Railway Company. 
The various instruments with which this car 
is fitted enable complete records of the per¬ 
formance of the locomotive to be taken, 


including draw-bar pull (or push) speed, 
acceleration or retardation, and boiler pressure • 
of the locomotive. 

Other factors influencing the performance 
are also indicated on the chart by observers. 

Considerable care and experience is required 
in the design of a car of this kind, and the more 
salient features of the Lancashire and York¬ 
shire Railway car are liore described for the 
first time by the courtesy of the Chief 
Engineer of that Company. 

(v.) The Lancashire and Yorkshire Railway 
Company's Dynamometer Oar. —The draw-bar 
pull and the thrust on the buffers of the car 
are transmitted to two compound springs, one 
being provided for the pull and the other for 
the push. Each is made up of a number of 
independent plates bound together by a pair 
of buckles at the centre and connected by 
links at the ends. The link pins can bo with¬ 
drawn separately as desired, and this enables 
the number of plates in operation to be 
adjusted to suit the load hauled, from a single 
coach to the heaviest train, utilising the full 
deflection of the springs. 

The spring deflection is recorded directly 
on the record paper without the intervention 
of levers, showing draw-bar pull above, and 
buffer thrust below, a datum line. 

The external carriage coupling arrangements 
are standard practice so that the car can be 
coupled up as readily as any other vehicle. 

The draw-bar and buffers are connected to a 
rigid frame which moves each set of springs in 
one direction only so that tlie tightness of the 
screw shackle between the engine and the car 
does not affect their indications, 

A compensating beam equalises the thrust 
on the buffers when negotiating a curve. 

The draw-bar passes through a friction device 
which can ho brought into operation to take the 
load off the springs when tests arc not being 
made. The device is also used to absorb excep¬ 
tional shocks during the last inch of deflection 
of the springs. A main, cross-beam near the 
centre of the car under-frame forms a founda¬ 
tion for the springs and the instrument table. 

The motion of the car is not recorded from 
the ordinary road wheels but from a special 
measuring wheel arranged between the leading 
and trailing wheels of tlio bogie, so that there is 
little lateral movement when rounding curves. 
The measuring wheel is pressed on the rail by 
a spring and can bo raised or lowered as 
required. The motion is transmitted to the 
instrument table by worm gearing and flexible 
couplings forming a positive drive. 

The instrument table carries, the record 
paper drums, the speed gear which regulates 
the relative speeds of the paper and the train, 
a distance indicator, a work integrator, a 
recording and a visual speedometer, a standard 
electrical clock, and an inertia ergometer. 
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The record paper can he driven at speeds I 
varying from six inches to twenty feet per 
mile travelled; a counter marks the paper 
every mile. 

The work integrator consists of a disc 
rotated from the road wheel, and across the 
face of the disc a roller is moved by the 
extensions of the springs. The rotation of 
the roller is therefore proportional' to the 
product of the draw-bar pull and the distance 
travelled, and this work is continuously recorded 
on the chart as a serrated diagram, each peak 
tep resen ting approximately 50 horse-power | 


velocity (acceleration or retardation). The 
integrating roller multiplies this force by 
distance and the result is indicated on the 
record paper as an inclined line. The change 
in the ordinate of this line represents the 
change in the algebraic sum of the potential 
and kinetic energy per unit mass of the train. 
When coasting free, the loss of energy recorded 
is due. to train resistance, and is therefore a 
direct indication of it. 

By means of a run made up of alternate 
haulings and coastings the ergometer provides 
data from which the work done by the prime 


TIG. 14. 


minutes per pair of springs in use. A counter 
gives the total positive, total negative, or 
algebraic sum of the horse-power minutes 
dono by the di’aw-bar, as required. 

The speed recorder works on a positive 
principle, namely, that the distance travelled 
in a definite time (4 secs.) gives a measure of 
the mean speed during the four seconds. 

(vi.) The Inertia Ergometer. This was 
introduced by Joseph Doyen, Chief Engineer 
of the Belgian State Railways, and is a com¬ 
bination of the Desdouits Inertia dynamometer 
(pendulum) and the Adbank-Abakanowicz in¬ 
tegrating roller. The pendulum is mounted on 
knife edges and swings in the direction of 
motion of the car. The tangent of the angle of 
the pendulum with its neutral position is pro¬ 
portional to the algebraic sum of the force 
of gravity and the force producing change of 


mover can be calculated. By combining this 
information with that of the draw-bar Integra- 
tor the locomotive resistance, train resistance, 
total resistance, and accelerative effect of the 
locomotive can be obtained for any speed. 

Curvature of the track is indicated and has 
been found to account for many peculiarities 
m the diagrams obtained. Fig. 14 is a goneral 
view of the instrument table. The work 
integrator is- shown in the centre foreground • 
the lever from the draw-bar springs stands up 
through the central slot in the table and the 
pendulum lever through the slot on the left, 
llie fflgomijter drum can be seen to the left 
ot the top of the draw-bar lever. The clock 
is removed to expose the ergometer to view. ' 
t.' 15 * s P ecimen > reduced in size, of 

. chart obtained for a run of approximately 
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(vii.) The Swiss State Railway Oar.—Much 
of the apparatus fitted in this dynamometer 
car is in many respects similar to that of the 
Lancashire and Yorkshire Railway Company’s 
instrument. The principal difference between 
the two cars lies in the method of measuring 
the tractive effort, which in the present 
instance is by the use of hydraulic gear. 
Undoubtedly the hydraulic dynamometer has 
distinct advantages over the spring • type, 
provided it is carefully designed and accurately 
made. 

The pull of the draw-bar is transmitted to a 
steel plunger working in a steel cylinder, both 
elements being ground so accurately as to 
render the use of packing unnecessary. The 
cylinder is filled with oil by which the pressure 
is transmitted to .the recording instrument, 
and it is arranged that there is a very slow 
leak of oil between the plunger and the cylinder 


A calibrated helical spring is fitted between 
the two differential plungers and is compressed 
by their motion. The compression of the 
spring is a measure of the resultant end force 
on the plungers and, therefore, of the difference 
between the draw-bar pull and buffer thrust, 
and this motion is transferred directly to the 
record paper by a rod carrying a style. 

During prolonged runs the slow leakage 
past the main plungers may cause one of them 
to touch the base of its cylinder, but beforo 
such a condition can arise an equalising valve 
is brought into operation which has the effect 
of equalising the pressures in the two cylinders 
and restoring their central positions as shown 
in the figures. Fresh oil is drawn into the 
cylinders from a reservoir, through a non¬ 
return valve, when required. 

§ (6) Special Dynamometers, (i.) The Daim¬ 
ler Lanehester Worm-gear Testing Machine.— 



This machine was designed 
by Mr. F. W. Lanehester 
for the accurate measure¬ 
ment of the efficiency of 
worm - gearing. A dia¬ 
grammatic sketch of the 



apparatus is given in 
Fig. 17. 

The efficiency of modem 
worm gears for power 
transmission is of the order 
of 95 per cent, and, under 
the best conditions of load¬ 
ing and lubrication, as high 
as 97 per cent. With such 
efficiencies, separate deter- 


Fig. 16. 

wall in order to provide lubrication for the 
former and to minimise its frictional resistance. 

The arrangement of the pressure unit is 
shown in Fig. 16. There are two plungers, 
indicated at A and B, fitting into cylinders 
which are placed back to back and formed in 
a solid forging. The draw-bar pull is trans¬ 
mitted to one of the plungers, and the buffer 
thrust to the other, by means of the crossheads 
C and D and the rods E and F. The latter are 
guided by rollers suitably supported by a 
rigid frame. The clearance spaces in the 
cylinders, behind the plungers, are connected 
by pipes to a distributing valve, and from 
thence to the recording mechanism. 

Tlio recorder consists of two small measuring 
cylinders arranged in tandem and provided 
with differential plungers opposed to each 
other. This arrangement provides that by a 
suitable setting of the distributor valve the 
resultant area of the plungers exposed to the 
oil pressure from the main cylinders may be 
varied in the ratio of 1 : 2 : 3 : thus by rotation 
of the distributing valve it is possible to select 
either of three scales for recording the load. 


minations of the torques 
in the worm and worm- 
wheel shafts by any of the methods already 
described would be liable to give misleading 
results unless the accuracy of the measurement 
in each case was within a small fraction of 1 
per cent of the true value. For examplo, in 
the case of a gear of 97 per cent efficiency, if 
the torques could be measured separately to 
an accuracy of 0-2 per cent, the experimental 
determinations of the efficiency might range 
from 96'6 to 97-4 per cent. It is evident, 
therefore, that, the ordinary methods of torque 
measurement in which the error may he as 
•much as 2 per cent are quite useless for the 
purpose, and that a method of much greater 
accuracy is required. The Lanehester machine 
measures, in effect, the ratio of the two 
torques, and the over-all efficiency of a worm 
gear with its bearings can be obtained within 
an accuracy of 0-2 per cent. Indeed, differences 
of efficiency due to such causes as change in 
the temperature of the lubricant can he easily 
detected. 

Referring to Fig. 17, the gear box is sup¬ 
ported in a cradle A in such a manner that it 
has freedom of motion through a small angle 


0 , 
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about Wo axes at right angles. The worm is 
driven by a shaft B through the intermediate 
shaft C, the latter being provided with uni¬ 
versal couplings at each end. In the same 
manner the wheel shaft is connected to the 
bevel box E through the shaft D and the 
universal couplings FF. The load is sup¬ 
ported by a bracket K fixed to the arm Or, 
the axis of the arm being parallel to, and in 
the same vertical plane as, the worm-shaft 

aX The load is not fixed directly to the bracket 
but is carried by a slider from which it is 
hung : by a screw and nut device the distance 
of the load from the axis 
of the arm can be varied. 

The position of the 
bracket with respect to 
the wheel axis being fixed, 
the moment of the load 
about that axis is equal 
to the product of the 
weight and the length of 
the arm, and is always 
the same for the same 
load. 

The moment about the 
worm axis, however, can 
be adjusted by means of 
the screw gear, the read¬ 
ing of the scale on the 
bracket giving the dis¬ 
tance of the 
weight from 
the axis. 

It will be 
seen, there¬ 
fore, that 
assuming the 
gear efficiency 
as 100 per 
cent, and the 
gear ratio as 



rs= 

1M 



L 



tends to drive the pulley N on the driving 
shaft B at about 5 per cent higher speed 
than is established by the bevel and worm 
gears. 

In other words, it is arranged that the peri¬ 
pheral speed of the pulley M is 5 per cent 
higher than that of the pulley N. 

The belt connecting the two pulleys can bo 
adjusted in tension, over a wide range, an 
increase in the tension producing an increase 
in the torque. By this means the pressure 
. between the teeth of the worm and wheel 
can be made to correspond with the trans¬ 
mission through the box of as much as loO 
horse-power, it being only 
necessary to supply the 
loss of power in the gear 
and apparatus from an 
external source developing 
about 15 horse - power. 
This ingenious principle 
enables prolonged tests to 
bo carried out at a small 
fraction of the cost which 
would be involved if the 
whole power were devel¬ 
oped and absorbed. 

(ii.) Spur Gear and Driv¬ 
ing Chain Testing Machine 
(National Physical Labora¬ 
tory).— This machine is 
arranged to measure the 
difference of 
the torques 
of two shafts, 
together with 
the measure¬ 
ment of one 
of the torques 
separately. 

'It will be 
evident that 
the high de- 



Fxq. 17. 


R, the speed of the worm, being R times that 
of the wheel, the torque on the worm shaft 
will be 1/R times the torque on the wheel 
shaft. The load being the same for each 
torque, the distance of the weight from the 
worm axis will be 1,/R times its distance from 
the wheel axis. 

The efficiency of the gear being less than 
100 per cent, the load must be moved farther 
from the axis of the worm in order to balance 
the gear box against the two torques when 
running under load. 

The calculated distance . of the weight 
from the worm axis, assuming 100 per cent 
efficiency, divided by the distance required to 
produce a balance, gives the efficiency of the 

^ The drive from the worm wheel is taken 
through the bevel box to the belt pulley M, 
the latter being of such a diameter that it 


greo of accuracy required in the Lanclicster 
machine is not essential in the present 

machine. i . 

Thus, supposing the true efficiency of a 
spur gear or chain drive is 97 per cent, 
and that the determinations of the torque 
and torque difference are each within 2-5 
per cent of their true values, the esti¬ 
mated value of the efficiency of the trans¬ 
mission from the observations may range 
from 90-9 per cent to 07-1 per cent, which 
is of a higher degree of accuracy than 
that obtained by measuring the torque ratio 
to ± 0*2 per cent. 

Fig. 18 shows the arrangement of the machine, 
The frame carrying the gears is entirely sup¬ 
ported by horizontal knife edges, and both 
driving and driven shafts are considerably 
extended and provided with ball-bearing uni- 
| versal joints at each end. Being supported in 
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this manner, the frame can execute small oscil¬ 
lations in a vertical plane about its neutral 
position. 

The intermediate wheel is rendered neces¬ 
sary in order to secure that the reaction on 
the frame should., be equal to the difference 
between the torques of the driving and driven 
shafts, and for this to be the case it is requisite 
that the shafts should rotate in the same 
direction. 

The first and intermediate gears and the 



Tilting: Frame 
Arranged for Chain Drive 


| 



Tilting Frame 
Arranged for Spur Gears 



intermediate and the third gears form two 
pairs under test. 

When a chain drive is under test no inter¬ 
mediate gear is necessary for the shafts to 
rotate in the same direction. 

If no intermediate wheel were nsed in 
the gear test, the reaction, on the frame 
would be equal to the sum of the torques 
of the two shafts, and the object which it 
has been attempted to achieve would be 
defeated. 

The frame is provided with an oil dash-pot 
for damping its oscillations and a torque- 
arm scale-pan and spring for the torque 
difference measurement. Rigid stop's are 


provided for the torque arm to limit its 
amplitude, readings being taken when the arm 
is level. 

A Hopkinson-Thring torsionmeter is used 
to determine the torque on the driving shaft, 
and in carrying out a test an observer regu¬ 
lates the torque and maintains it at the desired 
value, whilst a second observer is employed 
with the torque measurement on the tilting 
frame. ° 

The method of increasing the pressure 
between the gear teeth is on the same prin¬ 
ciple as that adopted in the Lanchester 
machine. This secures that only the loss of 
power needs to he supplied from, an external 
source. The centre distance of the two shafts 
is made adjustable over a wide range to 
accommodate varying sizes of gears and 
lengths of chain drive. 

During, testing the tilting frame is totally 
enclosed in a light case and provision is made 
to. spray the lubricant on the gears, the oil 
being supplied by means of a flexible pipe in 
such a manner that no control on the frame is 
exerted. 

^ i hi- testing spur gears the value of the torque 
I 2 on the last gear can readily he obtained • 
from the observed data. The efficiency 
of a l 3ai L of S ears ia gWen, therefore, by 
V — VTa/T-L, where T x is the measured torque on 
the driving shaft. 

The efficiency of a chain is given by v = T„/T x . 

(iii.) Spur Gear-box Testing Machine 
(National Physical Laboratory), Fig. 19.—In 
this machine the gear box is mounted in such 
a manner that it is free to oscillate about a 
mean position on the axis of the driving shaft, 
and the torque on the frame of the gear box 
is balanced and measured. The method can 
only be used in cases where the driving and 
driven shafts of the unit are coaxial and 
leave the box at opposite ends: this is 
usually the form of gear boxes for auto¬ 
mobiles for which the apparatus was originally 
designed. 

The unit under test is fixed in a rectangular 
frame provided with hollow trunnions co¬ 
axially with the main shafts. The trunnions 
are supported in ball-bearings so that the 
frame and gear box can tilt in either direction, 
the frame being fitted with a torque arm 
provided with the usual dash-pot, measuring 
spring, balance weight-pan, and stops to limit 
its motion. 

The two shafts of the gear box are con¬ 
nected to a prime mover and an absorption 
dynamometer respectively, or the prime mover 
may be fitted as a dynamometer, in which case 
a steadily running brake only is required at 
the transmission end. 

The method of test is very much more 
accurate than that of measuring the “ input ” 
and output torques, for in the latter 
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arrangement, when the efficiency of the gear 
] :)0X i s . of the order of 97 per cent, no exact 
results can be obtained, because the errors 
in estimating the two torques directly affect 
the calculated efficiency. 

Consideration . of the two cases will show 
that in the latter, assuming the accuracy of 
both torque readings as ± 1 per cent, the 
efficiency obtained will vary from 95 to 
99 per cent if the actual efficiency is 97 per¬ 
cent. 

On the other hand, using the more accurate 
method, and assuming the accuracy of the 
dynamometer as +1 per cent, as before, and 
that of the torque measurement on the gear¬ 
box frame as ± 2 per cent, the efficiency 
determination will vary between 90-9 and 
97-1 per cent, i.c. a variation of only one- 
twentieth of the first method. In practice the 
accuracy of the measurement of the torque 


of tire springs, proportional to the torque 
transmitted, being indicated by the relative 
displacement of a pointer over a drum 
which carries a slip of paper. _ The position 
of the pointer at any time during an experi¬ 
ment is recorded by passing a series of high- 
tension electric sparks through the paper so 
that the magnitude, of the torque may be 
directly calculated from the known calibration 
of the'springs. A pencil or pen could not bo 
used for the indicator because of the difficulty 
of balancing the centrifugal forces called into 
play by the high speed of rotation and also 
the friction of the pen or pencil on the drum. 
Alternate torque springs are wound in opposite 
directions so that the forces produced by the 
tendency to unwind due to centrifugal action 
counterbalance each other ; with this arrange¬ 
ment it was found that the static and dynamic 
torque calibrations agreed with each other. 



on the rectangular frame oan bo determined 
to about 3 per cent. 

The apparatus lias been used to determine 
efficiencies under different conditions of lubri¬ 
cation, and differences due to temperature 
and quality of lubricant have been ob¬ 
served. 

§ (7) Aerial Propeller Dynamometers.— 
In order to accurately determine the perform¬ 
ance and efficiency of airscrews, two dynamo¬ 
meters have been designed and made in the 
Aeronautics Department of the National 
Physical Laboratory. 

The problem of tins design of such an instru¬ 
ment involves the determination of the air¬ 
speed relative to the propeller, the torque and 
the thrust, observations of each being made at 
the same instant of time. 

In the two widely different forms described 
below experiments wore made on scale model 
airscrews about one-sixth full size. 

§ (8) Whirling Arm Dynamometer.— A sec¬ 
tional drawing of the dynamometer is given 
in Fig. 20. The airscrew shaft is driven 
through flat coiled springs S, the extensions 


The airscrew shaft is allowed a small axial 
movement, and it is so supported that this 
movement takes place with extremely little 
friction. The end of the shaft bears against 
an oscillating lover, being directly controlled by 
the thrust spring b, the tension of which is 
adjusted by means of the micrometer screw 
f and two adjustable stops, both the latter 
being insulated electrically from the frame of 
tho instrument. 

When the thrust of tho airscrew balances 
tho pull of tho spring the lover floats between 
the stops, but when the thrust is too great or 
too small contact is made with one or other 
of tho stops and an indication is thus given 
by moans of a galvanometer. 

Oscillations in the torque springs due to 
small irregularities in tho driving torque are 
damped by the oil dash-pot K. This con¬ 
sists of a series of concentric discs, alternate 
discs being attached to the sleeve carrying the 
inner ends of the springs and to the drum to 
which the outer ends are fixed. The oscillations 
are damped by tho fluid friction between the 
discs. 
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The apparatus is mounted on a ■whirling 
arm about 30 ft. in radius, and the cen¬ 
trifugal force on the airscrew has no 
component in the direction of the thrust. 
Certain forces due to centrifugal action are 
automatically balanced by suitably placed 
masses. 

The airscrew speed is measured by means 
of the voltage obtained from a small electric 
generator driven by the propeller shaft, or 
alternatively by measuring the time elapsed 
for each hundred revolutions of the shaft. 
The speed of the apparatus relative to the air 
is obtained by means of a Dines tube. All 
electrical and air connections are taken to the 
central shaft of the whirling arm, from which 
they are again taken to an observing table 
where the speeds of the arm and propeller 
shaft are controlled. 

§ (9) Fixed Aerial Propeller Dynamo¬ 
meter for Use in a Wind Channel.—A 
sketch of this apparatus is given in Fig. 21. 

It consists of a small electric motor A bolted 
to a cradle, the ends of which are attached to 
two hardened steel points bearing in the cups 
of the “Y” pieces M. These “Y” pieces 
are rigidly connected to the lower ends of 
the diagonally arranged wires 0, the upper 
ends of which are supported from the roof 
of the tunnel by stirrups carrying hardened 
steel points bearing in the cups D. With 
this method of support the electric motor 
is capable, if there is no other constraint, of 
a swinging motion in the direction of the 
motor shaft and also of a racking motion 
about the axis passing through the points B, B, 
this axis being parallel to, and slightly below 
the axis of, the shaft. A spindle arm E, 
projecting from the underside of the cradle, is 
connected by a strut and a “ C ” spring to 
the top of a spindle clamped to the head 
of an aerodynamical balance the vertical 
head of which projects up through the floor 
of the wind channel. The spindle arm E 
and the top of the balance arm are enclosed 
in a guard which is streamline shape surround¬ 
ing the strut and “ 0 ” spring. A revolution 
counter driven by the motor shaft and in 
electrical communication with a bell enables 
the rotational speed of the airscrew to he 
measured. To avoid any unnecessary con¬ 
straint of the moving parts of the apparatus 
the electrical connections to the motor are made 

-E 

Earth : 

Age of, deduced from Cooling. See “ Heat, 
Conduction of,” § (12) (iii.) (a). 

Foundations, Effect of the Percentage of 
Water present on. See “ Friction,” § 
(34). 


through the mercury cups G. The scale of 
the model airscrew used with the apparatus 
needs to be such that the motor with its 
contiguous parts is completely enclosed in a 
shell of the model aeroplane body K, and such 
as to ensure sufficient clearance between the 
surrounding shell and the moving parts of the 
measuring apparatus. The body is suitably 
supported by bars from the sides of the 
channel. 

When measuring torque, the rocking axis 
BB of the motor and airscrew, which is 
parallel to the airscrew shaft, is fixed 
parallel to the centre line of the channel 
by rigidly attaching the “ Y ” pieces to 
the bars L. The brackets at the lower 
end of the arm E and at the top of the 
balance spindle are adjusted so that the 
strut which transmits the load to the top 
of the balance arm is at right angles to the 
airscrew shaft. A direct calibration of the 
apparatus may be made by applying a 
known torque and weighing directly with the 
balance. 

To measure thrust, the “ Y ” pieces are 
•detached from the bars L so that the motor 
and airscrew have freedom to swing in a 
longitudinal direction about the points D at 
the upper ends of the wires, and the points 
B of the motor cradle. The brackets on the 
lower end of the arm E and the top of 
the channel spindle are adjusted so that the 
strut F which transmits the thrust to the 
top of the balance is parallel to the airscrew 
axis. A strut N, which is held in position 
with a “ G ” spring between the bracket O 
and the cradle anil one of the bars L, pre¬ 
vents the motor rocking about the axis BB. 
The calibration of the thrust apparatus may 
be obtained by applying a known thrust along 
the airscrew axis and measuring directly the 
airscrew balance. 

The air velocity in the channel is measured 
by a tilting manometer. j, h. h. 


Dynamometer, British Association. See 
“ Dynamometers,” § (5) (i.). 

Dynamometer Cars., See “ Dynamometers,” 

§( 5 ). 

Lancashire and Yorkshire Railway Co.’s. 
See “ Dynamometers,” § (5) (v.). 
Dynamometer, Hydraulic. See “Hydrau¬ 
lics,” § (01). 


Temperature Waves in. See “ Heat, 
Conduction of,” § (12) (i.) (a). 

Eccentric Gear eor Slide Valves. See 
“ Steam Engines, Reciprocating,” § (2) (iii.). 
Eddy Current Brake for Power Measure¬ 
ment. See “ Dynamometers,” § (2) (vi,). 
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Eddy- Resistance. See “ Ship Resistance 
and Propulsion,” §§ (13) and (14). 

Eddy Viscosity. See “ Mechanical Viscosity, 
Friction,” §§ (10), (11), (12). 

Efficiencies of Internal Combustion 
Engines, Table of Ideal Values. See 
“•Engines, Thermodynamics of Internal 
Combustion,” § (46). 

Efficiencies of Petrol Engines. See 
“ Petrol Engine, The Water-cooled,” §§ (2)- 
(4). 

Efficiency of a Heat-engine. The efficiency 
is measured by the ratio (Q a - Q 2 )/Q lf Qi and 
Q a being the amounts of heat taken in and 
rejected respectively. If r l\ T a bo the 
corresponding temperatures on the Absolute 
Thermodynamic Scale, we have for a revers¬ 
ible engine 

Qi-Q» _ T 1-T» 

Qi T x 

Thus the efficiency of any reversible engine 
■working between temperatures T x and T a is 
T x - T, 

■L\ ’ 

See “ Thermodynamics,” § (20). 

Efficiency of Rankine Cycle. See “ Steam | 
Engine, Theory of,” § (3). 

ELASTIC CONSTANTS, DETERMINA¬ 
TION OF, ANI) THE TESTING- OF 
MATERIALS OF CONSTRUCTION 
§ (1) Introduction. — The reasons for the 
testing of materials of construction are various 
and depend upon the point of view in which 
the inquirer approaches the subject. 

Tlid designer, in order to proportion the 
parts of his machine or structure and apply 
his theoretical calculations, requires to know 
the physical constants of the materials with 
which he deals. The aim of the scientific 
experimenter i% to supply this data in order 
that the theoretical researches in applied 
mechanics may be applied to the problems 
with which the engineer is confronted in his 
practice. Absolute results concerning definite 
properties of materials form the basis of 
scientific testing. 

The material to he used in the construction 
of any structure can usually bo obtained from 
several sources of supply and of several grades 
and prices, The engineer wishes first to indi¬ 
cate to the manufacturer the class of material 
lie needs, and for this purpose, he supplies 
him with a specification containing among 
other things particulars of the properties 
required. The design is based on certain 
values for the physical constants, and these 
values are the real criterion of the suitability 
of the material for the purpose for which it is 
intended. The determination of the constants 
is usually a slow laborious business requiring 


considerable skill and scientific ability. Ap¬ 
proximate tests have been devised, which 
are only intended to. give a comparative 
indication of the physical properties of the 
material. The results expected from these 
tests are inserted in the specification ; in some 
cases they approximate closely to the scientific 
tests. 

It. is, obviously, important for the engineer 
to be assured that the material supplied 
fulfils the terms of the specification, and for 
this purpose lie selects sample portions of the 
material and subjects them to the specified 
tests. Commercial testing is therefore carried 
out to determine whether materials conform 
to the terms of specifications. 

There is a further section of the subject 
which has been given a great impetus, in 
the last few years, viz. investigatory testing , 
undertaken to determine causes of failure of 
material in actual practice and to improve 
processes of manufacture and design of 
machines and structures. 

The science of engineering is advanced by 
a systematic study of failures probably quite 
as much as by any other branch of research. 
In investigatory testing, methods are employed 
to exaggerate certain properties in order to 
compare them in various materials with ease 
and certainty. Those same properties can 
probably be studied by a careful analysis of 
the absolute results obtained by scientific 
testing, but the process is difficult and cannot 
he attended with success without considerable 
practical experience. 

I. Testing Machines 
§ (2) General Methods.— There are certain 
methods of test which are applicable to all 
branches of tost work. The complexity of 
the machines employed for these tests depends 
upon the number of purposes for which it is 
intended to use them. This complexity is 
contingent upon 

(1) The variety of materials it is required 
to test. 

(2) The kinds of straining action needed. 

(3) The form and size of the specimens to bo 
tested. 

(4) The magnitude of the forces to bo 
exerted and measured. 

(5) The accuracy required in the results. 

By limiting the requirements, the testing 
apparatus can be made of great simplicity. 
For instance, in a transverse testing machine 
such as is used for checking the quality of 
cast iron in a foundry, the test pieces can all 
be of one size, the straining action is always 
the same (the test piece being broken, as a 
beam), and there is not a great deal.of variation 
of the breaking load. A machine such as 
this is simple and effective. 
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Every increase in the requirements adds 
additional apparatus to the machine. An 
accessory for one purpose will often interfere 
with the running of the machine for another 
purpose, thus causing loss of time in making 
the necessary adjustments for the experiments 
in hand, involving great care in the setting 
of the machine and making it more difficult 
to handle. It is therefore in the interest of 
the user to consider carefully the functions 
which the machine will be called upon to 
perform, and to limit them to a minimum. 
In this way increased efficiency is obtained 
with minimum cost. 

The simplest method of testing is by direct 
loading, and the earlier researches on strength • 
of materials were carried out by this method. 
Galileo (1638) and Muschenbrock (1729) made 
many tests on a small scale by this means, and 
where it can still be applied it is the simplest 
and best method of testing available. Owing j 
to the difficulty of handling heavy loads it is 
only suitable for use with weak materials. 

When at the beginning of the nineteenth 
century the demand came for tests on a 
larger scale, it was necessary to consider other 
means of applying the force than by direct 
loading, and within a few years the three 
arrangements found in modern testing 
machines were employed, viz. : 

(®) Load applied by hydraulic press—no 
weighing device, but load calculated 
from the pressure on the ram. 

(b) Load applied by gearing at one end— 

weighing lever at the other end. 

(c) Load applied by hydraulic press at 

one end—weighing lever at the other 
end. 

In 1S13 method (a) .was employed by 
Brunton & Co- for a chain-cable testing 
machine. The arrangement for arriving at 
the load was not capable of giving very 
great accuracy. It was necessary to make 
an allowance to the load, which was deduced 
from the indication of a pressure gauge, for 
the friction of the packing of the ram or the 
cup leather, and the amount of this friction 
was extremely variable. 

The Whitworth hydraulic testing machine 1 
and the 600-ton testing machine of the Union 
Bridge Company at Athens, Pa., U.S.A., both 
use the same principle. The 5000-ton Olsen 2 
compression machine of the Geological Survey 
and the Bureau of Standards, and the 600-ton 
Olsen compression tester of the Rensselaer 3 
Institute at Troy both record the load by 
the pressure in the hydraulic press, but with 
these machines the pressure is transmitted to 
a diaphragm whose area is smaller than that 

\ See Peet, Proc. Inti. Mech. Eng., 1898. 
Engineering Record, Feb. 1909, lix < 

Proc. Am. Soc. Test. Mat, 1909, lx 


s of the main ram. The pressure on Ihe din* 
a phragm is measured by a system of levers. 
3 Method (a) has been applied to modern testing 
r machines by eliminating the packing ami 
t having an accurately fitted rain and cylinder 
s with small clearance. By using oil the slight 
j leakage between the ram and cylinder reduces 
b the friction to a practically negligible quantity. 

E The evolution of the other two testing 
5 machine arrangements, ( b ) and (r), from the 
> direct loading method was due to the .introduc¬ 
tion of the lever. By planing a lover in 
between the test piece and the load, the 
amount of dead weight required was reduced 
by the ratio of the lever arms. This aivaiige- 
• ment, although quite suitable for small pieces 
possessing little ductility, was found to hi' 
open to the objection that, as the material 
stretches, the position of the lever alters and 
cannot be adjusted. 

In 1817 Captain Brown constructed a cable 
testing machine in which the deformation of 
the cable was neutralised, and the load 
applied, by means of gearing at one cud, while 
the load was measured by a lever at the other. 

The use of gearing was the method of 
straining used in America on machines of 
the lever typer The same arrangement, 
although common on small machines in this 
country worked by hand, had not, however, 
been used on power-driven machines until 
recently. 

Another method of counteracting the de¬ 
formation of the test piece was applied, by 
Lager jhelm, of the School of Mines at Stock¬ 
holm, who conducted experiments in 1820 
on a 7-ton machine in which a hydraulic mm 
neutralised the give of the test piece ami 
applied the load, which was measured by 
weights acting on a knee lever. About the 
same time, that principle was also employed 
by Bramah 4 in the construction of a machine 
used at Woolwich Dockyard by the Into Pro¬ 
fessor Barlow for some of his experiments on 
the strength of materials. This method of 
construction is, however, always associated 
with the name of David Khkaldy, who in 1866 
erected, in London, his well-known machine 
of 400 tons capacity. The combination of 
hydraulic ram and levers has since been in 
common use in machines of many designs, 
the chief differences in theso designs being’ j u 
the arrangement of the lever or levers and 
them position relatively to that of the test 
piece. 

Thomasset , 5 in about the year 1872 
measured the load on the lever' by means 
ox a diaphragm piston with an extremely 
limited motion, and balanced the load on 
the piston by a mercury gauge. Maillard and 

258 ■ Barlow ’ Stre Wth of Materials , London, 185 J, p, 

5 Lebasteur, Les Mdtaux, p. 52. 
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Emory a few years later dispensed with the 
lever and transmitted the whole load to the 
diaphragm. Emery 1 constructed a machine 
of 450 tons capacity in which the pressure 
on the diaphragm piston was measured by 
transmitting it to a smaller one in which the 
mercury gauge of Thomasset was replaced by 
a system of levers and weights. 

The first essential requirement of a testing 
machine is accuracy—the load shown by the 
machine should he an accurate indication of 
the real load to which the test piece is sub¬ 
jected. In order to obtain complete accuracy 
it is necessary that: 

(1) Simple" means should be available for 
establishing the truth of the indications of 
the machine—it should be capable of being 
easily calibrated. This calibration may 
alter with use; if of the lever type the 
knife edges may wear or be displaced, 
and, on a three-inch fulcrum distance, 1 per 
cent error in the readings would be caused 
by a displacement of only 0-03 inches. 

(2) The sensitiveness in work¬ 
ing should be adequate, i.e. small 
differences in the load should ho 
readily indicated. 

Another desirable feature is simplicity 
not simplicity resulting from a mere re¬ 
duction of the attachments for the various 
tests, but that obtained by ensuring that 
the varied requirements are carried out 
without undue complications, 
only reduces the parts liable to 
alteration with use, but renders 
the machine capable of rapid and 
easy, manipulation during test, a 

feature which is especially impc.. - . 

machine to be used for commercial testing. 
Other requirements necessary in a machine 
or commercial testing are : 

(а) The tests should be accessible from the 
front of the machine, and the scale and con¬ 
trol levers within easy reach of the operator. 

(б) The test piece should be easily inserted 

in the machine, i.e. the method of gripping 
should be ' simple and convenient. For 
laboratory work it is advisablo that the 
machine should be conveniently arranged, to 
take an autographic apparatus for registering 
the results, and should be generally adaptable 
to all sorts of conditions which may from time to 
time he necessary for varied experimental work. 

The liability of the testing machine to 
subject the specimen to momentary shocks 
should also be considered. The inertia in the 
lever and weights (in that typo of machine) 
may increase the stress in the test, piece beyond 
that indicated by the scale reading of the 
jockey weight. The construction of each 
machine should therefore be understood by 

1 See Towne, Inst. Mecft, Eng, Pvoo., 1888, pp. 206 
and 418. 


the operator, and in skilful hands errors due 
to this cause can be reduced to a very small 
amount. 

§ (3) Horizontal and Vertical Machines. 
—Testing machines may be arranged in either 
of two ways : 

(i.) In which the load is applied horizontally 
—horizontal testing machines. 

(ii.) In which the load is applied vertically 
.—vortical testing machines. 

For testing long specimens it is usual to 
employ a machine of the horizontal type in 
wliieh it is necessary to support the test piece 
and the grips which hold it, otherwise forces 



A. Fixed Leverage and Variable Load 
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C. Movable Jockey Weight combined with a 
Load at a Fixed Leverage 
FIG. 1. 

arc applied To the test piece which are not 
measured by the load-measuring apparatus. 
The vertical testing machine, however, is more 
convenient to handle and, except in the cir¬ 
cumstances mentioned above, is the arrange¬ 
ment generally adopted. 

§ (4) Modern Testing Machines.—M odem 
testing machines usually consist of four main 

parts: ill 

(i.) An arrangement for applying the load, 
(ii.) An adjustment to neutralise the effect 
of the deformation of test piece so as to 
provide that there is no movement of the 
point of attachment of the test piece to the 
weighing apparatus. _ 

(iff.) A method of measuring the applied load, 
(iv.) Holders for connecting the test piece to 
(i.) and (iff.). 
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The various types of testing machine differ 
in the way in which these requirements are 
carried out. 1 lie first and second parts are 
usually combined, and the load on the test 
piece is applied to one end either by (1) a 
straining cylinder actuated by a pump and 
accumulator, screw compressor, or oil pump 
(hydraulic rotary or direct driven); or (2) screw 
gearing driven by hand or by power (such as 
an electric motor). Screw power testing 


Side Sods 


Weights 

(WJ 



Screw Gearing for 
Raising or Lowering 
the Side Rods 


IdU. 2. 


machines are divided into two general types— 
the^ rotary screw and the rotating nut. 

. Tho Ioad or force exerted on the test piece 
is measured (a), more commonly in Great 
Lritam, by a lever or system of levers with 
weights or a movable counterpoise forming a 
weighing apparatus; 

Cd by balancing it with fluid pressure acting 
on a diaphragm; ■ ■ 

(c) by measuring the pressure of the oil or 
water in the straining cylinder; 

(d) by calculating the load from the angle 
through which a weighted pendulum is lifted. 

I osting machines using methods ( b) and 


(c) have the advantage that they arc 
cheaper to make than the weighing lover 
machine, are practically froo from inertia 
forces, and the load is automatically adjusted 
to the stress. They, however, require very 
careful attention and calibration, and are con¬ 
sidered by the Board of Trade to ho unde¬ 
sirable for use when making acceptance tests. 

§ (6) Types of Testing^M'aoiiine.s. Lever 
Testing Machines. —By far the largest number 
of machines measure tho load by tho use 
of a lever. The loading of the lover is 
effected either by (a) adding separate weights 
| a scale pan placed at a fixed leverage (i.e. 
fixed leverage and variable load) ; (b) having a 
single jockey which travels along the beam 
(i.e. fixed load and variable leverage); (r) a 
combination of (a) and (b). 

These arrangements are indicated (Ungram¬ 
matically in Fig. 1. With either of tho methods 
the following points must be borne in mind : 

(1) The lever during the test will change 
its position, and in order to secure constant 
leverage the points of application of the loads 
must be in a straight line, i.e. the centre of 
gravity of the moving weight and any knife 
edges employed must all lie in a straight- lino 
or, if the moving weight is hung from a knife 
edge, the knife edge must travel along that 
line. 

(2) Any addition of weights during a, test 
must he carried out without producing shocks 
on the specimen. In those machines in which 
weights are added to the scale pan it :is usual 
to carry this out by a mechanical arrangement 
such as is shown in Fig. 2. 

In some machines the load is measured by 
the height to which a pendulum hob is raised. 

I bis can be considered as a modification, of 
the lever method. Fig. 8 shows how it was 
employed in the tests described in the British 
Engineering Standards Association Be port 
No. 55. '■ 

It is desirable that, on the same machine, 
the percentage accuracy of reading the load 
should be the same with small as with largo 
specimens, and it is therefore usual to arrange 
modem testing machines so that the sumo 
length of scale is equivalent to at least two 
values of the load. This is carried out either 
by varying the leverage or varying tho weight 
ox the moving poise. 

The leverage is varied by providing alter- 
native fubra. This method is introduced into 
tlie Wicksteed vertical machine (see Fig. 10a) 
and consists in providing a third knife edge 
which can be put in or out of gear. When it 
is in place, the knife-edge distance is large and 
the machine is arrangedfor use with weak spool- 
mens, otherwise the full capacity of the machine 
is available. Thus the same counterpoise mav 

lZ7 nt f 17 50 “ 100 tons fOT «mo 

travel of the counterpoise along the levor, 
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according to which fulcrum is used. The 
method of operating the third knife edge is 
shown in Fig. 4. The three knife edges arc 
in the same line, hut the movable support Y 
for the third knife edge Z is raised so that 


-Spindle supported 
on Ball Bearings 


Flexible Steel Strip 



press (as shown) or by screw gearing. The 
following are modem examples of machines 
which use this principle. 

(ii.) “ Avery ” 10-ton Electrically Driven 
Single-lever Testing Machine .—This machine is 
shown in Fig. 6. A is the weighing lever and 
B the poise weight of 840 lbs., which is moved 
by a control screw C. . The screw is driven 
by hand at I) through gearing E and E 
and a hooked joint G 
which is placed on a 
^ Pull by Straining lino with the fulcrum. 
Cylinder The straining of the 
test piece is produced 
through worm and 
spur gearing by means 
of an electric motor 
H, whose control is 
located at I on the 
standard near to the 
hand wheel propelling 


Wire rope attached 
'SW-v to automatic gear 
\T to prevent weight 
\ falling bach upon 
\ fracture of test piece 

the poise weight. 
The indicator 


Big. 3. 

when it is placed in position by the worm 
gear there is a slight clearance over the support 
X, as shown in Fig. 4 (B). 

The weight of the moving poise is varied in 
machines supplied by Messrs. W. & T. Avery, 
Ltd. The counterpoise is split, and for small 
loads a part of it is detached and used as a 
separate poise. 

In order to obtain a high mechanical advan¬ 
tage, without making the short arm of the 
lever very small, some machines use a multiple 
system of levers, each with, comparatively small 
mechanical advantage. It is therefore con¬ 
venient to divide lever machines into two 
sections, (1) those using a single lever, (2) 
those in which the levers are compounded, 
and to subdivide those sections according as 
to whether the test pieces are vertical or 
horizontal and whether the load is applied by 
a straining cylinder or screw gearing. 

§ (6 ) Single - lever Maohinics. (i.) Verti¬ 
cal .— Fig. 5 shows diagrammatically the 
simplest arrangement of a single-lever machine, 
this being the principle adopted by Mr. Wick- 
steed. 1 It is a vertical machine with a single 
horizontal lever A on top, to which one end of 
the test piece B is connected. A movable poise 
C weighs the load, which is applied to the other 
end of the test piece by the ram of a hydraulic 
1 Inst. Mech. Eng. Proc„ 1882, p, 384. 


__ J, which shows the 

equilibrium of the steelyard, is also 
close at hand, so that the operator has 
all the controls within easy reach. The 
free end of the lever plays in a space 
in the supporting pillar K. Springs are 
provided to take the shock when the test piece 
breaks. 

The grips for the test piece arc shown at 
L and M; these are provided with attachments 
for test, pieces with either screwed or enlarged 
ends. The upper grip is attached to the lever, 
while the lower one, which slides in guides in 



Tig. 4. 

the standard 0, is connected to the straining 
screw P. The second knife edge Q rests on 
the standard 0. 

(iii.) " Dmisona ” 30-ton Testing MacMne.— 
In this .machine, shown in Figs, 7 and 8, the load 
is applied by a straining cylinder, the pressure 
to which is supplied by a patent hydraulic 
rotary oil-pump. This pump has a variable 
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delivery in either direction whilst being con¬ 
tinuously driven in one direction. The drive 
can either be by direct coupling to an electric 



f .-> 

- - -o 



-> o 


Fia. 5. 


motor, as shown 
in Fig. 7, or by 
a belt from a 
countershaft. A 
similar pump is 
used for driving 
the standard 
jockey weight 
in either direc¬ 
tion ; the speed 
at which it 
travels can be 
varied by means 
of a lever placed 
in a convenient 
position. 

The machine 
is supplied with 


photograph is fitted with alternative fulcra 
(see g (5)) giving a short knife-edge distance 
of either 3 or 0 inches, so that the jockey 
weight of 1 ton in travelling 
the full length of the scale 
— can he arranged to give 
either a load of' 100 or 50 
tons. 

Another feature of the machine is the 
arrangement which has been added at the 


, „ . . oujjjjuou wmn 

tell-tale devices, for indicating to the operator 
the functions of the various parts, as well as 
all the features which are indispensable for 
accurate work. 

(iv.) Bucklon's 100-ton Machine .—A photo¬ 
graph. of the machine of this typo which is 
installed at the N.P.L. is shown in Fig. 9. The 
load is applied by a hydraulic ram and cylinder 
which are placed in a pit below the floor level. 
A pressure of 1 ton per sq. in. is supplied to the . 

/Centre Line 
/ through second 
J hmfe cdatf/Q) 



Wmm 

• .. 

Fin. 7. 

N.P.L. to prevent the jockey weight accidentally 
running past the end of the scale in either 
direction. When a considerable number of 



Bending $ Shearing Took 

Fia 6. 

cylinder by a hydraulic pump and accumulator 
driven by an electric motor. Tlie counter- 
poise is driven by hand or mechanically hv 
fast and loose pulleys operated from a suitable 
line of shafting. The machine seen in the 


tests have to be carried out, it is usual for the 
operator to measure the extension, contraction 
of area, etc., and enter up his results, while the 
counterpoise is running back for the next test. 
It detracts from his attention if he has to be 
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continually on the alert to stop the counter¬ 
poise at the right time. The gear is shown 
in detail in Fig. 10, and operates on the belt- 
throw-over gear. The shaft A operates the 
gearing for driving the weight along, placed 
at the end of the beam, and is worked from the 
small countershaft (not shown) through bevel 
wheels B. The striking gear of the counter¬ 
shaft is operated hy a shaft C, which has a 
handle (not shown) on its lower end. A spur 
gear on shaft A operates a screw I) through 
gearing. This screw is so arranged that it 
does not rotate hut traverses horizontally as 
the weight is run along the beam. The screw 
carries a projection E working in a bracket 
F attached to the striking gear shaft C. 
Adjustable lugs G and H are fitted on to 
this projection and are arranged so that when 
the counterpoise reaohos the extreme end of 
its travel, in either direction, one or other of 
the lugs Cl and IT. will rotate the striking 
gear shaft and throw the driving belt on to 
the loose pulley of the countershaft. The 
lugs can he adjusted so that, for any series of 
tests, the counterpoise will ho stopped at any 
predetermined position along the beam. A 
photograph of the gear is given in Fig. 10a. 


Munich exhibition in 1854, since when a con¬ 
siderable number of similar machines have 
been constructed. The arrangement of the 
machine is illustrated diagrammatically in 
Fig. 11, from which it will be seen that, 



Fig. 8. 

(1) only one lover is required for a 500 to 1 
leverage, and (2) by an ingenious arrangement, 
the ram, lever, and weights are all at one end 
of the machine. It is thus a simple matter 



Fig 

(v.) ( Horizontal). The Werder Tasting 
Machine. — The Werder machine, exten¬ 
sively adopted in Germany, is a horizontal 
single-lever testing machine, in which the 
load is applied by hydraulic pressure, ^ but 
is measured by dead weights on a single 
lever. The type was originally designed hy 
Ludwig Werder in 1852 and exhibited at the 


9. 

to adapt the machine to take test pieces of 
any length. 

The test piece T is held at one end in the 
framework of the machine A, and at the other 
pulled by the short arm L, of the lover, to 
which it is connected by a orosshcad and long 
bolts, shown in the diagram by a connecting 
rod EF. At the end of the long arm of tlio 
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lever hangs a scale pan W. The central 
fulcrum of the lever G rests on the end of 
the ram 0, so that, as the test piece extends, 


J.he tost piece, is pulled from the main 
crosshead V by four rods (two shown in 
plan as T a and T 2 ), these rods are connected 



the ram moves out, carrying the whole measur¬ 
ing apparatus with it. The arm L is kept 
horizontal by the help of a level which is 



Ida. 10a. 


d to it. Fig. 12 shows a sectional elevation 
touting the principal knife edges, and 
13 gives a plan of the machine. 


vertically in pairs by crossheads U x and U.>, 
and pull through knife edges C x and C„ 
on to a large U-shaped block Q, to which 
the lever Q x is rigidly attached. Block Q 
has two openings in it, through which the 
crossheads Uj and U 2 pass. The horizontal 
line through C x and C 2 passes through the 
axis of the test piece. 

The whole system of rods and crossheads 
hangs from the ram crosshead at and N„ 
on the traverse bar 00. The . block Q 
hangs from this bar by the knife-edge links 
1 1 , P 2 (the knife edges being in the same line as 
(-■i, C, 2 ), its balance being adjusted by the 
sliding weight S. 

In the middle of the block Q the knife 
edge b is fitted; this bears against a steel 
™ c f * fronting part of the ram crosshead, 
ims knife edge is 3 mm. lower than the line 
ol the others. Thus the ram coming out 
applies a load to the test piece through the 
block Q knife edges C x and C 3 , crossheads 
U x and U 2) _ and the rods T t and T„. As the 
knife edge is 3 mm. out of line with C, and 0. 
a bell-crank lever is formed, the small arm 
of which is 3 mm. and the long arm 1500 mm., 

If' , e „ distance the scale pan is away from 
the knife edge. 

It is clear that the length of the short arm 
.,““ e Tj er (3 mm ') cam iot be directly checked 
with sufficient accuracy, a controlling arrange¬ 
ment is therefore provided consisting of a knee 
lever / 2 having a fulcrum on the frame K 
and a ratio of 10 to 1. The knife edges on 














ELASTIC CONSTANTS 


123 


this lever can be accurately measured by 
ordinary means, and, to test tlic accuracy 
of the 500 to 1 ratio, a direct calibration can 
be made. 

The ram C is 11-8 inches in diameter, the 
knife edge b is 14b inches long, and the 
two knife edges Cj. and C 2 are together 15 
inches long, so that the pressure upon them 
is about 7 tons per linear inch at full load 
(100 tons). 

The pressure is obtained from two pumps 
worked by hand or power and placed at the 
side of the machine—a small one of 0-4 
inch diameter, used for the full load, and a 
larger one, 1-2 inches diameter, for use up 
to a load of 20 tons. 

The arrangement shown is for tension 
tests ; for compression tests the pull is trans¬ 
mitted through links from V to a back plate, 
or for short specimens the space between V 
and the back of the cylinder is utilised. 

§ (7) Compound - levee Machines. . (i.) 
Vertical Machines with Screw Power.—This is 


columns G t and 0, attached to the weighing 
table. 

(ii.) Ohm's 200,000-lb. Testing Machine.— 
Fig. 15 shows the 200,000-lb. Olsen four- 
screw compound-lever testing machine of the 
rotating nut type. . . 

Straining Mechanism .—D, D are the straining 
screws which are attached to the pulling hear 
0, to which one end of the specimen is 
attached. They pass through holes at the 
corner of the platform E and through 
openings in the levers F and bed-plate G, 
and enter the driving nuts H and Hj, situated 
below the latter. 

The driving nuts H and H 1} which are 
made extremely long to ensure a king hie, 
are driven by means of gearing JKMJN 
operated by pulleys and belting. As each 
screw is fitted with feathers, in longitudinal 
slots cut through the threads, to prevent them 
from turning, rotation of the nuts causes the 
screws to either rise or fall, carrying the 
pulling head C with them. The thrust of 
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the arrangement of machine which is largely 
used in America and is shown diagrammatically 
in Fig. 14. The straining mechanism is of 
two types — the rotating screw and the 
rotating nut. 

With the rotating screw machines, the 
pulling screws pass through nuts which are 
fastened to the pulling head A. The screws 
are keyed to and rotate with the main gears 
through bearings in the cover plate, thus 
moving the head up or down. 

In the rotating nut type of machine, bronze 
nuts are fastened in the main gears and rotate 
with them, pulling the screws, to which the | 
head is attached, up and down. The gears 
rest on long pedestals bolted to the base 
plate of the machine, and in these pedestals 
keys are fixed which prevent the screws from 
turning. 

The thrust, in each case, is taken on the 
underneath side of the cover plate by bail or 
roller bearings. The rotating nut machine 
usually requires a pit or opening in tlie 
foundation for the screws which project below 
the base line of the machine. 

The weighing apparatus consists of a weigh¬ 
ing table Q, levers D, and I) 2 , and a graduated 
beam E. For tensile strain there is also a 
weighing or top head F and two weighing 


the nuts against the bed-plate G is taken 
by ball thrust washers. 

' (iii.) Weighing Apparatus.—The weighing 
mechanism is essentially the same as that of a 
platform weighing machine. The load on the 
test piece, applied by the straining mechanism, 
is communicated to the platform E either 
directly in a compression teat, or through the 
medium of the upper steel plate B (to which 
one end of the tost piece is wedged) and 
columns A in the tensile test. 

The platform rests wholly on three mam 
lovers F so constructed as to act as a single 
lever, and any pressure on it is transmitted 
directly to them. The knife edges of only one 

of these levers are shown in the figure. 

A second multiplying lever F a is placed 
above and parallel to the lever F, and is con¬ 
nected to it by a stirrup J 8 . The reaction 
of the lever is token tvb Iv on n strong 
iron framework which is secured to the gear 
box of the machine by a diagonal brace. 
This framework also holds the support L a for 
the fulcrum of the graduated steelyard F a , to 
which the load is transmitted from lever F a 
by the link n. 

A cylindrical weight W, which runs on a 
screw, adjusts the zero of the beam, while a 
poise q, which travels on wheels, balances tlie 

























ELASTIC CONSTANTS 


125 


load applied. The steelyard is graduated up to 
100,000 It is., and an additional weight on the 
end of: the lover adds a further 100,000 lbs. 

(iv.) Horizontal Compound Lever Machines .— 
lfor testing long pieces, a horizontal testing 
machine is essential. In order to 
obviate the difficulties introduced 
by the small knife-edge distance 
of the Werder machine, multiple 
lover arrangements are used. A 
boll - crank lever is adopted to 
o< mvert the horizontal force into 
a vortical one, and this is combined 
with the weighing level', either with 
or without the introduction of 
jntermodiato levers. 

The arrangement of two ma- 
oliinoH of tl i is type is given in Fig. 16. 

(v.) Large Horizontal Machines. 

—In order to carry out tests 
on built-up structural members of 
a practical size, machines of large 
capacity are required, and for this 
purpose no machine of less than 
800 tons is of much use. Excluding chain 
testing machines, the best examples of large 
horizontal machines built in this country are : 

Kirkaldy's machine of 400 tons built in 1866. 


(vi.) The Birmingham University 700 000.Jh 
Testing Machine .—This is a universal machine 
with a capacity of 700,000 lbs. and take- 
tension bars 28 ft. long and columns 80 ft 
I long. The span for bending tests is 20 ft" 


and the wedge grips take a maximum size of 
6 x 21" fiat or 3|-" diameter. 

A diagrammatic view of the machine is 
given in Fig. 17 and more detailed drawings of 




The 800-ton machine of the Conservatoire 
dos Arts et Metiers at Paris built by Messrs. 
J, Buekton and Co. in 1904. 1 

The Avery Machine 2 of 700,000 lbs. in¬ 
stalled at Birmingham University in 1909. 

1 Engineering , Sept. 2, 1004. 

* Engineer, May 21, 1909. 


the straining and weighing mechanism in 

Fig. 18. ^ , 

The machine has a ram K at one end and 
the lever system D at the other. The heavy 
cast-iron bed XX has substantial standards 
HH at either end whose tops are connected 
by horizontal columns YY with the distance. 
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of about 40 feet, between them without 
intermediate support. There is therefore a 
clear span along the top and sides, enabling 
heavy test pieces to be lowered in position 
by the traveller running overhead. To one 





by means of four notched racks N, sliding in 
the frame of the machine, which are fixed to the 
head of the ram and into which the crosshead 
No. 2 is keyed in any desired position. 

One end of the test piece is fixed to the 
vC s crosshead No. 2 and the other 

-L-.J ZZr rg end to the crosshead No. 3 for 
compression and the crosshead 
No. 1 for tension. Crossheads No. 1 
and No. 3 are suspended from knife 
edges on the top of the frame Y and 
are connected by tension rods P, p 
which, when crosshead No. 3 is in use, 


Diagram of Greenwood and Batley’s Horizontal 3 is in ,1SC ’ 

Testing Machine transmits the load to the lever system 

s through crosshead No. 1 and the 



Diagram of Buckton’s Horizontal Testing Machine 
Fig. 10. 

standard the cylinder L is bolted, while 
the lever system Is fixed to the other. 

The load is applied by hydraulic pressure. 

At Birmingham the town pressure of 100 lbs. 
per square inch is available for low load tests 
and gives a total thrust of 35 tons. For the 
full capacity of the machine an accumulator 
supply of ten times the pressure is used. The 
diameter of the ram is 32 inches and its stroke 
66 inches. The main cylinder L, bolted to 
the standard, forms part of the machine frame, 


— -- mum. luav* main 

link BB. The main link BB pulls on 
the top knife of a bell-crank lever 
through a hardened steel hearing 
block Q. Thus, for compression, the 
load is communicated to the weighing 
apparatus from the ram by way of (1) 
sliding racks N, N, (2) travelling cross¬ 
head No. 2, (3) the test piece, (4) the 
floating crosshead No. 3, and rods P, P, 
(5) crosshead No, 1, and (6) main 
link B. 

i u ^ 1110 ^gking apparatus consists of a 
bell-crank lever A whose principal knife edge 
, V V ;° e knft trusts against a plate fitted 
n the bed of the m acliine. The load is applied 
by the mam link B on to a knife edge K. 
similar to the principal knife edge but a short 
distance above it and forming with it the 
short arm of the lever. The intermediate 
fever 0 and the main steelyard I) are at 
right angles to the axis of the machine. The 
former lias its fulcrum on a substantial 
casting E fixed to the bed of the machine. 


Note:-The Intermediate Lever (O) and the Main 
Split Counterpoise ^^Steelyard (O) are at right angles to the 

‘ oxts of the Machine 

T (No.3 Crosshead) 

ZL 



K 

(Main Ram) 


Auxiliary 

Ram 

M 


Cast Iron Bed X 
Fig. 17. 


Cylinder (L) 


and the main ram K, having an internal 
ua,meter of -0 inches, moves over an auxiliary 
fixed ram M whose function is to provide for 
the return of the main ram after the test is 
completed. The main ram is driven forward 
by admitting low-pressure water behind the 
fixed ram. The load on the ram is com¬ 
municated to the travelling crosshead No. 2 


and the load from the bell-crank lever is trans¬ 
mitted to it by the link and shackles G, F- 
while the latter has its fulcrum supported 
by a column H on the side of the machine. 

The split counterpoise system (see g (5)) 
has been adopted in order to obtain an open 
scale for small loads. In this case it is divided 
into seven equal poises giving, separately, a 
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maximum load of 100,000 lbs., and when 
combined the full load of 700,000 lbs. 

The counterpoise can be moved by hand or 
operated mechanically through a screw, and 
all the movements are controlled by one 
operator at the lever end of the machine. 

§ (8) Diaphragm Machines. —Diagrammatic 
sketches of diaphragm machines are given 
in Figs. 19a to o. Fig. 19a. represents the 
Thomasset machine, 1 constructed about the 
year 1872, in which the load is communicated 
through the test piece t to a lever Z, the end 
of which beat's on to a diaphragm d. The 
pressure of the lever on the diaphragm is 
balanced by fluid pressure, the amount of 
which is measured by a gauge. 

The Maillard machine (Fig. 19b) is similar 
to that designed by Thomasset except that 
the intermediate lever is dispensed with, the 
pressure being taken directly on the diaphragm, 
which is consequently much larger. The 
Maillard principle is adopted by Messrs 
W. H. Bailey & Co. in their 5000-lb. Star- 
Hydraulic tester, and is a very convenient 
arrangement for small testing purposes. The 
1 Lebasteur, Les Mftaux, p. 52. 


G 

O 
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load is applied to the back of the diaphragm, I the Board was the acquisition of an 800,000-lh. 
and the pressure in the diaphragm chamber testing machine which they ordered from 
is measured by a pressure gauge or mercury A. H. Emery of .New York. This was 


Pressure Gauge 
or Liquid Column 



Tig 19a.—T liomasset’s Testing 
Machine. 


pressure gauge or mercury 

column. I completed in 1879, and is one of the 

Fig. 19c represents the j largest and most accurate testing machines 

in the world. Unwin, after inspect- 
,/ ing an Emery machine, said : “ Tho 

merit of the Emery machine was 
that, while it had boon made as 
much more dolicate and sensitive than 
an ordinary machine as a chemist’s 
balance was in comparison with a 
grocer’s scales, this result had at 
the same time been obtained by 
means which rendered tho more sensi¬ 
tive machine less liablo to injury, 
less liable to wear, and less liable to 
get out of order, than the ordinary 
machine.” 

The principal peculiarities of tho 
Emery machine are : (a) An arrange¬ 
ment of hydraulic chambers and dia- 


Test Piece- 

(t) 


Emery machine, the first ex¬ 
ample of which was completed 
in 1879 ; it is really a com¬ 
pound lever machine with a 
hydraulic lerer introduced 
between the test piece and 
the weighing apparatus. The 
pull of the test piece t is com¬ 
municated to a diaphragm D. It is trans¬ 
mitted from this to a reducer R, the pressure 
on which is balanced by the lever system. 

(i.) Emery Machines.— The first Emery 




>/%/; phragms able to receive largo pressures 
and shocks without injury and to 
transmit them to a convenient ' point for 
measuring and recording. 

(b) The replacement of knife edges with 
thin blades of steel. These were introduced 


Pressure Gauge or 
Mercury Column 


Straining Gear 



Screw 


Pig. 19b. 


Flat Plate “knife edges" 


Flat Plate 
Springs 



r\ r\ A 

Senes of Weights 
added mechanically 



IT Flat Plate 
‘knife edges" 


Flat Plate 
".knife edges” 


Plate Springs 


Flat Plate Springs 

Pig. 19c.—Diagram of Emery Machine. 

machine owes its origin to the United States 
Board for testing steel, iron, and other 
materials, who entered upon their work in 
1875. One of the most important actions of 


to “ absolutely 
eliminato fric¬ 
tion and to 
preserve inde¬ 
finitely the ful¬ 
crum intervals 
or distances pre¬ 
cisely as first 
adjusted, and 
to resist and 
transmit all the 
pressures and 
shocks to which 
the ful orums 
are subjected 
without in the 


,. , , WiUUUUO in lii) 

slightest degree impairing their sonsitivenos 
or durability.” 

Numerous machines have been made i 
the United States since 1879 on'the Emor 
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principle. Figs. 20 and 21 show particulars 
of the more important working parts of a 
300,000-lb. vertical. Emery testing machine ; 
detailed drawings are given in Mr. Towne’s 1 
paper. 

(ii.) 300,000-lb. Emery Machine (Figs. 20 and 
21). Straining Gear .—A tension test piece A 
{ Fig. 21) is shown between the shackles U and 
L of the machine. The upper shackle U is 
attached directly to the ram P of the straining 
press, which is carried by two main adjusting 
guide screws M rising from the bed of the 



Pig. 20. 


machine E. The vertical adjustment is 
effected by means of the nuts N, which are 
geared together and are rotated through a 
shaft and bevel gearing by a handle X. 

The fluid pressure is convoyed to the ram. 
by the pipes T L and T a , which have swivel 
joints to allow for adjustment of the straining 
cylinder. 

(iii.) Hydraulic Lever .—The lower shackle L 
is secured to a yoke consisting of two blocks 
H and B connected by four steel bolts W. 
In this yoke the hydraulic support S is 
placed between the two beams and G a . 
Thus the load is transmitted directly to the 
hydraulic support through the yoke and 

1 See Towne, Inst. Mech, Eng. Proc., 1888, pp. 200 
and 448. 

VOL. I 


beams; the upper block II acting on beam 
Gj for compression and the lower block B 
communicating the tensile load through 
beam G a . 

The yoke is secured in ita proper position 
by flat plate springs I which hold it steady 
laterally while leaving it free to move verti¬ 
cally through the small range desired. The 
hydraulic support S (Fig. 21) is shown in detail 
in Fig. 20 and consists of a piston D which 
can move vertically (K101 inch in a fixed 
ring and base block (N and K). A space 
of 0-1 inch is allowed between the piston 
D and the ring N. 

The lower Surface of the piston and the 
upper surface of the base block are turned with 
annular grooves and are lined with soft sheet 
brass 0-005 inch thick. The linings form a sac 
by being interlocked as shown in the diagram. 
The piston D, while permitted to move verti¬ 
cally, is secured against lateral motion by 
an annular diaphragm V at its upper surface, 
and the exposed portion of the working dia¬ 
phragm or upper portion of the brass sac at 
its lower face, which acts as a flexible hinge or 
joint. The sac is filled with alcohol and 
glycerine or refined kerosene oil, and the load 
when applied to it is transmitted to a smaller 
hydraulic chamber or reducer R (Fig. 19c), 
containing a similar thin film of liquid, 
where it is balanced by the lever weighing 
apparatus. 

(iv.) Weighing Apparatus .—The maximum 
load of the machine is thus reduced to a maxi¬ 
mum of 10,000 lbs. on the reducer, and this is all 
the load that is conveyed to the fulcrum plate 
of the main lever M (Fig. 19a) of the weighing 
apparatus. Thin pieces of tempered steel are 
Used instead of knife edges, and are forced, 
under a pressure of about four times the 
working load, into the pieces that they con¬ 
nect. The relation of the beams, which have 
a total multiplication of 20,000 to 1, is 
shown in the figure. The total reduction of 
load is 600,000 to 1, so that very small weights 
are all that are necessary to keep the levers 
horizontal. 

(v.) Calibration .—The hydraulic support is 
tested with known loads, applied by a “ rating 
machine,” up to the maximum capacity of 
the Emery machine. The exact weight re¬ 
quired on the weigh lever to balance a 
known load on the machine is thus found 
by actual test, and the poise weights are 
carefully adjusted in accordance with this 
calibration. 

The rating machine is a carefully constructed 
dead-weight loading appliance. The weight 
was produced from standard weights accu¬ 
rately adjusted at the Bureau of Standards, 
Washington. 

§ (9) Machines with no Weighing De¬ 
vice. — Machines in this class are those in 

K, 



130 


ELASTIC CONSTANTS 


which the load is applied by a fluid press, I Each installation consists of three main 


and the stress in the specimen .is calculated 
from the pressure on the plunger. 

An objection to this method of test has been 
that errors are introduced into the results 




300,000- lb. Machine 
Front Elevation 


owing to the variability of the friction caused 
by the ram packing. This objection has now 
been overcome, in the machine constructed by 
Messrs. Alfred J, Amsler & Co., by using oil 
£is the fluid together with an accurately fitted, 
ram and cylinder with small clearance, thus 
eliminating the packing friction. 

(i.) Anisler Taxiing Machine .—A 50-ton uni¬ 
versal machine of this make is shown in Fig. 22. 


I parts : 

(1) The press or actual testing machine P. 
l (2) The oil pump for producing the pressure C. 
5 (3) The pendulum dynamometer D for meas¬ 

uring the load from the oil press- 
Feet 11X6 in the pressure cylinder. 

19-1 (ii.) The Press .—The press is 

fixed to the top part of the 
j 8 - machine, and the movable cradle 
carrying the upper grips is freely 
suspended from the ram by two 
rods connected by a crosshead 
which rests on the top of the 
16 - ram. The bottom of the cylinder 
of the press is held rigidly to the 

\ - fi&se of the machine by four 

round columns, which are made 
. heavy enough to carry the super- 
structure and the maximum load 
without deformation. 

%,/ - The base itself does not take 

/f jp an ^ load applied to the 

/// i 2 - test bar T, it is required merely 
/// as a support for the machine and 

// to ra ise the working parts to a 

/// ' convenient height above the floor 

f level - It is made in the form of 

r x °- a hollow iron casting with an 

* * opening in the front for the ro- 

- covery of the fractured test 
pieces. 

. . The ram of the press is fitted 

in the cylinder with such pre¬ 
cision that no collar or cup 
• leather is required to ensure a 
sufficiently oil - tight working. 
6 - The small amount of play which 
the ram has in the cylinder 
allows a slight percolation of oil 
to. take place between them; 
this makes the movement of the 
4- ram in the cylinder very easy, 
Machine eliminating friction and allowing 
. an exact measurement of the 
ovation total Ioacl to be ma.de. The ram 

2 _ can be rotated by a handle, so 
that by occasionally moving 
it through a small angle the 
I formation of ridges, etc., is 
| avoided. 

o3 . (hi.) Oil Pump. — The press 
is operated by oil pressure pro- 
_ duced by a high-pressure pump 

(0, Fig. 22) driven by an electric motor from a 
countershaft (for small machines a hand drive 
can be employed). The arrangement of 
suetion and delivery of the oil is such that 
if all the valves are kept closed the oil is auto- 
matioally short-circuited back to the reservoir, 
which is carried on the pump stand, There 
are also returns for the oil to the reservoir 
from the top of the cylinder due to leakage, 
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.mil for the released oil from under the 
nun. 

Water pressure may be used to work the 
machine by making ar¬ 
rangements for transform¬ 
ing into oil pressure for 
working the press. 

(iv.) The Dynamometer 



■■'iJ 

Ifia. 22 . 

Apparatus. — The measurement of the load 
is made by moans of a pendulum dyna¬ 
mometer I). The 
oil from tlm high- 
pressure pump is 
admitted to the 
straining cylinder 
through the dyna¬ 
mometer, so that 
the actual pressure 
in the cylinder is 
shown by the 
pointer which is 
operated by the 
dynamometer. 

' The pendulum 
dynamometer is a 
modification of the 
dead-weight gauge, 
which is used for 
calibrating press¬ 
ure gauges, the 
pendulum arrange¬ 
ment being used 
to automatically 
balance the load 
on the plunger, as 
shown in Fig. 23. 

The oil pressure is 

applied to a plunger P, which is kept slowly re¬ 
volving during the test by the pulley Py, from 
which it is transmitted to a yoke Y connecting 
two vertical rods Q lt Gy The tops of these rods 


are attached through a ball-hearine coupline to 
a short block lever H, which is rigidly secured 
to a shaft J mounted in ball-bearings in the 
manometer frame. The depression of the 
block H by the pressure causes the heavy 
pendulum B to be deflected until it assumes a 
position of equilibrium. The point of sus¬ 
pension C of the pendulum can be altered so as 
to increase the sensitiveness of the machine, 
the connection to the recording gauge brin 0, 
adjusted at the same time. 

The arm and rod A attached to the pen¬ 
dulum operates a pointer on a dial and the 
dynamometer is also provided with an auto¬ 
graphic recording apparatus R. 

As a rule each testing, machine is accom¬ 
panied by a pump and separate dynamometer, 
but it is possible for several machines to use 
a single pump, if worked in conjunction with 
an air accumulator, and a separate dynamo¬ 
meter for each machine. 

Per machines of large power, be. 300 tons and 
upwards, Amsler’s measure the load by the 
extension of the columns which carry the top 
shackle. As these columns extend under the load, 
they are made to operate a piston in a cylinder. 
The shapes of the piston and cylinder are so de¬ 
signed that a small relative motion between the 
two causes a large displacement of the oil 
which fills the clearance separating them. The 
displacement of this oil is made to work an 
i ndicator which is calibrated in terms of the load. 



§ (10) Tobsion Testing Machines. —Many- 
universal testing machines of the lever type 
are fitted with a special shackle for applying 
torsional stress, as illustrated diagrammatically 





132 


ELASTIC CONSTANTS 


in Fig. 24, in which the torque is applied by 
a worm and worm wheel A and measured by 


Test Piece 


Jockey Weight 
(B) 


Worn and** 
Worm-wheel 
(A) 


Handle for ? 
Applying Torque 


running the jockey weight B along the lever 
arm 0. It is usually, however, more con¬ 
venient to use a separate machine, and Fig. 25 



shows a machine of 250 pounds-foot capacity, 
made by Messrs. J. Buckton & Co., em¬ 

bodying the method of test mentioned above. 

A neat little _ 

machine, d e- .—$ .T~T~ I | |y 

signed by Pro- L....\ - 

fessor Thurston y_ rTHtti 1 (mm? 

and made by * 

Messrs. W. H. 

Bailey & Co., is 

illustrated in (fi 

Fig. 26. The test |j 

piece is placed ^ j*. 

between two in- _ ^ s 

dependent jaws, - J h 

one of which is r TEMPLET _J 
rotated by hand _$_ ■ C_, 

through a worm ' - 

and worm wheel. 

The twist is communicated through the test I 
piece to the other jaw on which a weighted ! 
pendulum is attached. The 'resistance to I 
deflection of the pendulum causes a torque I 


y I to be applied to the test piece, and the 
y angle of the deflection of the pendulum is 
a measure of that torque. The history of 
the test is recorded autographically on a 
chart attached to a drum which is secured 
to the jaw which is moved by the gear wheel. 
The deflection of the pendulum moves a pencil, 
which is secured to it, over a guide curve 
fixed to the frame of the machine in such a 
way that the movement perpendicular to the 
plane of rotation (that is, the height of the 
curve) is a measure of the torque, while the 
length of the curve is proportional to the angle 
of twist of the test piece. 

The two machines described above are 
typical of all of the methods employed for 
torsional testing machines. 

§ (11) Transv.isbs is Testing Machines.—- 
Although a transverse testing shackle always 
forms part of a universal testing sot, most 
testing machine manufacturers supply special 
machines particularly suitable for testing east 
iron by cross-breaking. Those machines enable 
cast-iron foundry bars to he tested rapidly, 
and give reliable information as to tin; 
mechanical properties of different mixtures. 

.Such a machine, supplied by Messrs. W. H„ 
Bailey & Co., Ltd., is shown in Fig. 27, It 
is suitable for test bars up to 2 in. deep, 1 in. 
thick, and 36 in. between centres, and has 
a maximum capacity of. 4500 lbs. An upward 
force is applied to the centre of the beam by 
means of a screw, turned by a hand-wlieel, lift¬ 
ing a central shacklo. The reaction is taken on 




lever while the deflection ia obtained from the 

of the screw wllioh a PI>liM the load. 
§ 12) Grips tor holding Test Bars.-A s 
much care should be bestowed on the design of 
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the grips for holding the test bars as on any of 
the other essential parts of the testing machine, 
if accurate results are required. It is import¬ 
ant that these should he so designed that the 
resultant of all the forces acts along the axis 
of the bar, for, if this is not done, the amount 
of tire ultimate load is affected. 

The usual method of ensuring that this 
condition is fulfilled is by arranging for some 
form of spherical or swivelling seating between 



the test piece and the connection to the 
testing machine. The principal objection to 
most of these seatings is that they have no 
protection from dust, scale, or othor small 
pieces which are apt to be scattered by the 
test piece on fracture. 

In the 100-ton Buckton machine (see § (6)) 
large hemispherical pieces, H* and H a , are 
arranged in the top and bottom holders, and 
to those pieces the special attachments are 
fitted for test pieces of various kinds. 

(i.) Tension Shackles—Pin Grips, hig. 28 
shows' the oldest method of holding the ends 
of plate specimens. A hole is drilled at each 
end of the tost piece for a steel pin A, and the 
middle part of the plate is reduced in section. 
The relation of the size of the pinholes and 
the size of the 
heads of the test 
piece to the re¬ 
duced section is 
such that the 
specimen always 
breaks in the re¬ 
duced section. 
This form of holder 
is one of the host 
for 1 small speci¬ 
mens, provided 
care is taken to 
ensure that the 
pinholes are accurately on the axiB of the 
reduced part of the test piece, otherwise the 
stress across the section is not uniform and 
the specimen tears from the edge where the 
stress is greatest. 

(ii.) Wedge Grips. — The ordinary method 
adopted for holding specimens of ductile 
materials is between two wedges with roughed 
surfaces, as illustrated in Fig. 29, but it does not 
necessarily ensure that the line of pull is axial. 
In order to obtain the best results with this 


method the following points must be home 
in mind : 

(1) The position of the wedges in the head 
and of the test piece in the wedges. 

Fig. 29 (A) shows a sectional view of the 
testing machine head with the wedge grips 
and test piece in position. The wedge grips are 
hearing their full length against the head and 



the specimen is bearing for the full length of the 
wedge grips, and this is the correct condition. 

Fig. 29 (B) shows the position of the wedge 
grips when the specimen is too thin, and while 
the test piece bears the whole length of the 
wedge grips, the wedge grips are not hearing 
their full length against the head. In this 
ease liners are used to keep the wedges hack in 
their proper place, as in Fig. 29 (C), although 
to obviate this difficulty most testing machines 
are supplied with pairs of wedge grips suit¬ 
able for various 
ranges in the 
thickness of the 
plate. 

If the speci¬ 
men does not 
boar for the full 
length of the 
wedge grips 
(Fig. 29, I>) 

there is a tend¬ 
ency, on the 
application of 
the load, for the 
end of the 
specimen to ho 
crushed and a 
force to he ap¬ 
plied to the head 
which may split 
it. 

(2) The tend¬ 
ency for the 
wedges to grip 
the test piece more on one edge than the 
other. 

This arises if the specimen is thicker on 
one side or through want of proper adjustment, 
when the holders for the wedges are split and 
separate from the head, as in the Buckton 



Attaohed ia 
Knife Edge of 



Spherical _ 

Seating ”¥XSp/ii Dias 
H, f\Test Pleoe 

Arrangement for Headed Specimens 
In ioo Ton Bu&tton Machine 
Attaohed to Knife Edge of iouo." 



Wedge Grips 

m llp'rast Place 

Arrangement for Wedge Grips 
In ioo Ton Buckton Machine 

FIG. 30. 
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100-ton machine (Fig. 30). To avoid, this 
difficulty Messrs. Richie Bros, supply wedges 
with a round face. In Fig. 31 (A), C are the 
round-faced wedge grips contained in the 
shackle S. Another method for securing 
proper alignment is a form of hall-socket liner 
shown in Fig. 31 (B). 



A 

The Riohle round faced 
wedge grips for flat or 
plate specimens 


Semxted 
Vea Groouea 



PIG. 31. 


Bor round or square ductile pieces the wedge 
grips are provided with serrated V-grooves, 
as shown in Fig. 31 (C). 

The ends of the specimen are usually en¬ 
larged, as shown in the sketch, but with mild 
steel or iron this enlargement may he dispensed 
with. 

(iii.) Self-aligning Grips. — When testing 
brittle materials or for accurate experiments 
the alignment of the specimen is especially of 
importance. It is usual in these cases to use 
circular test pieces with the ends bo fit special 



spherical seated holders. Fig. 32 shows vari¬ 
ous methods of machining the test piece and 
attaching to the shackles. 

(iv.) Avery 10-ton Shackles. —The arrange¬ 
ment of Avery’s 10-ton shackles is shown in 
Fig. 33. The holder M is attached to a link 
hanging from the beam of the testing machine 
by a second link. This holder consists of a 
forging machined to take a spherical seating A 
on which the pull of the test piece is taken 
through a tool steel stem B and nut C. 
The stem is screwed at N to take speci¬ 


men holders of various sizes. Two forms of 
specimen holder are employed, viz. (1) for 
headed test pieces D and (2) for screwed test 
pieces E. 


The shackle is also arranged for use with 
wedges. For this purpose the nut, stem, 
seating, and bolt 
L are removed 
and wedges are 
inserted, which 
bear along the 
surfaces EG and 
IIJ. A handle 
works in the bear¬ 
ing K, and is 
arranged with 
lugs which move 
both wedges up 
or down at the 
same time. This 
facilitates grip¬ 
ping of the speci¬ 
mens and enables 
tests to be carried 
out rapidly. 



Specimen Holder for 
Headed Test Pieces 


Pig. 33. 


The top holder, for connection to the lever, 
is shown in the figure. The bottom holder, 
attached to the ram-straining rod, works on 
exactly the same principle; a slide is, however, 
provided for it so as to keep it parallel to the 
vertical testing machine guides. Both holders 
are given in the drawing of the testing machine 
in Fig. 6. 

ri (v.) N.P.L. Self-aligning 10-ton Shackles .— 
The shackles given in Fig. 34 were designed by 
the author for tensile testing, more particularly 
for use in experiments for the determination 
of the elastic limit and elastic modulus. They 
consist of a bolt A 
with a spherical 

nut B on one end 
and a holder for 
screwed or headed 
test pieces on the 
other. The nut 
hears on a spherical 
seating G, which 
fits into the shackle 
of the testing 
machine. The 
■ spherical seating is 
kept free from dirt 
by being closed in at 
the top by a plate 
E and at the bottom by a piece of wash-leather 
E, which fits round the bolt. The wash- 
leather, although forming a dust-proof cover, 
allows free movement of the nut and bolt 
on the spherical seating. The space in the 
bush is filled with vaseline. These shackles 
have been in constant use and have been 
found to give every satisfaction. 

(vi.) Grips for Testing Rope. —The gripping 



Test Piece 
Holder 


Pig. 34. 
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of ropes or cables requires considerable care in 
order to obtain reliable results ; it is important 
that the grips should not damage the ends of 


Tasting Machine 
.Hoad, 


the dies, with a little iire-clay, and a haul 
alloy of lead and antimony run in forming a 
solid end. 

For hemp rope and small cables & method 
which is largely used is to splice an eye on to 
each end and test 
by placing a steel 
pin through the 
eye. A more re¬ 
liable method is to 
roll the ends round 
specially prepared 
helically grooved 
drams and clamp 
them. Such tools 
are supplied by 
Messrs. Tinius 
Olsen Testing 
Machine Co. in the 

TTni+.nrl S+ni.AH nf 



U Hook 


Fig. 37. 


America, or Alfred J. Amsler & Co. (Switzer¬ 
land) ; they are costly to build, but give 
accurate results in testing such materials, 

(vii.) Grips for testing Chain in Tension .—For 
testing separate chain links or complete chains 
a piece of steel bent into U form is passed 
through each of the end links. The open ends 
of the U-pieces are then gripped in the flat 
wedges used for testing flat bars (see Fig. 37). 

Where it is necessary to carry out a con¬ 
siderable amount of chain testing, blocks to 


Fig. 35. 

the rope, otherwise fracture will occur in the 
sockets. 

The tests are more conveniently carried out 
in horizontal machines, where there is plenty 
of available length, than in vertical machines. 
Serrated wedges (Fig. 35) are used for 
gripping both wire and hemp ropes, and, to 
prevent them from being damaged, wooden 
straps of a suitable thickness and length 
are placed be¬ 
tween the grips 
and the rope. In 
order to seize the 
rope over a con¬ 
siderable length 
these special 
wedge grips are 
made very long. . 

Where only 
vertical machines 
are available a 
satisfactory way 
of holding wire 
rope for tensile tests is to use conical dies in 
the shackles and seal the ends of the wire in 
them, as shown, in Fig. 36, with a low melting- 
point alloy. The wire is first tightly bound 
with fine wire at about 5 in. from each end, 
the end strands are then opened, bent over, 
and tinned. The rope is next set centrally in 



Fig. 38. 

suit the various sizes of chain are provided, 
which fit into the heads of the testing machine 
GH (Fig. 38). By means of these blocks 
sections of a chain can be tested under a 


Connected to Spherical Seating 



Fig. 36. 
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proof ]oad; this is not possible with the 
U-hook method. 

(viii.) Compression Shackles. — Spherical 
shackles for compression tests are necessary for 



standards A, A can be adjusted to gradua¬ 
tions on the beam B to give different lengths 
of span L. 

As timber is not homogeneous, four-point 
loading is usually adopted [Fig. 41). This gives 
a large span over which the bending moment 
is -uniform and in which the beam theoretically 



Testing Machine 
Lower Heart 

Plfl. 39. 

accurate work. These either rest on the lower 
shackle or hang from the upper shackle of the 
testing machine. Care must be employed in 
using any of these arrangements to ensure that 
the axis of. the test piece is in line with that 
of the bearing blocks and testing machine. 

Fig. 39 shows a 
ball - bearing block 
arranged to fit the 
upper crosshead of 
an universal testing 
machine; this tool 
allows for free motion 
in all directions. 

(ix.) Transverse 
Test Tools. — Figs. 40a 
and 40 b show two 
types of shackles for 
transverse testing. 

Fig. 40a indicates the 
roller bolster sup- 


bends in the arc of a circle. Fig. 42 is a 
photograph of these shackles fitted to a 10-ton 
Buektpn testing machine. 

The following points in regard to apparatus 
for transverse tests should be observed : 



Pig. 41. 


ports and Fig. 40b the arrangement adopted 
with the Buckton vertical testing machine. 
In the latter method it will be noted that 
the pressure is applied in halves, at W x and 



Hocking supports should he used at the ends 
of specimens. 

Metal plates should be provided, if necessary, 
to prevent a high intensity of pressure under 
the point of loading or at the supports. 

Deflectometers or deformeters should not 
be attached close to the points of application 
of the loads. 

If deflections are to be observed, it is ad¬ 
visable that the rate of loading should be such 
that the readings can be taken while the load 
is being continuously applied. If a stoppage 
is unavoidable, the time intervals should bo 
constant for the test. 


Pig. 40a. 

Wgiving a small central span D of uni¬ 
form bending moment. The object of this 
method is to reduce local crushing of the 
test piece T. In both arrangements the 


(x.) Shear Shackles. —There are two methods 
of applying a shear stress to materials, one 
by a torsion test and the other by direct 
shearing or punching. The torsion for¬ 
mula only holds for perfectly elastic bodies, 
and if it is used for the . breaking stress 






- 


ELASTIC CONSTANTS 


137 



a figure greater than the real shearing stress 
is obtained. 

Various methods for direct shear are in use, 
but with these the shear is always accompanied 


Fig. 42. 

by a certain amount of bending and com¬ 
pression. 

(xi.) Tests of Bar and Plata.—Fig. 43 
indicates a shear 
test tool for round 
specimens. The 


(pairing slight modification to that shown in 
Fig. 43. 

(xii.) Test of very Thin Plate.— An arrange¬ 
ment for shear tests on very thin plates or 
slices from a bar, used at the N.P.L., is 
shown in Fig. 44. The test piece 1 is 
placed in a die I.) having a hardened 
steel facing E. A hardened _ steel 
plunger P, with a long bearing in the 
die, is placed on the test piece. The 
hole in the facing {(If) is slightly taper 
(the figure is exaggerated), and the 
end of the plunger (df) is made a 
good fit in the hole. 

The gear is placed between the 
compression shackles of the testing 
machine and the load measured, which 
enables the plunger to push a hole 
through the test piece. 

If «=the thickness of the test piece 
and W = the load; then the shear 
stress = W/7rr7jf. 

(xiii.) Test of Timber in Shear (see 
section on timber tests, § (127)). 

(xiv.) Torsion Shackles.— The easiest 
way pf holding a torsion test piece in 
the testing machine is to have en¬ 
larged ends, either etjuare or round, with two 
keyways cut in them (Fig. 45). 

§ (13) Ca LIB-RATION OF TESTING MACHINES. 

_The only satisfactory method of calibrating 

the readings of a testing machine is by using 
dead loads through the full range, such as is 


-4’/a Parallel- 
■1 
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t diarn. 
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Fig. 43. 


Fig. 45. 


Alternative 
size of Ends 


specimen A is clamped to a block B and, 
with the testing machine adjusted for compres¬ 
sion testing, the load is applied to the shearing 
tool C. The test can 
he arranged so that 
the specimen is broken 
in either single or 
double shear. The 
dies T), as well as 
the shearing tool, are 
made of tempered 
tool steel ground to 
an edge. Provision 
is made for wear of 
the tools, and they 
are inserted in such a 



Fig. 44. 


manner that they can be easily removed when 
necessary for grinding. 

A similar method can be used for fiat, plate, 
the form of the shearing tools and dies re¬ 


adopted in the Emory machines, and this 
method from, the point of view of accuracy 
is abovo criticism. 

Several devices are used to attain the same 
ends. If dead loads are not directly employed 
verification depends on a previous calibration 
of the device used, so that it ultimately depends 
on a dead-load method. 

Next to loading by dead weights the em¬ 
ployment of calibrating or proving levers is 
the most acceptable method,. This arrange¬ 
ment is shown in Fig. 46. The levers 1^ and 
L a , carefully constructed, rest on knife edges 
in a double chair C,, which itself rests on the 
weighing table T^ of the machine. A single 
chair C a is placed on the other knife edges 
and forms the fulcrum of the levers; the upper 
shackle C 2 of the machine is brought down 
on to this chair. A leverage of ten is generally 
adopted for calibrating machines up to ten 
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tons capacity, and a leverage of twenty up to | Brunner, 1 who used wood in the form of hIuIih 
fifty tons capacity, which is the maximum to of small thickness (2 to 4 cun.) as crushers, 
which this method of verification is usually Wood has the unique property of offering the 
carried. same resistance to crushing whether tested as 

Other methods of checking are as follows : cubes or thin slabs. This method dispenses 

(i.) By a standard test bar made of steel with all measurements of deformation which 
whose modulus of elasticity is known by necessitate the use of instruments of precision, 
previous experiment. A test piece is turned and by selecting wood well dried and without 
to fit the testing machine, and of such a size flaws, an accuracy of 1 percent can be obtained, 
that when the maximum load is applied to it Messrs. Schule and Brunner found that the 
the limit of proportionality of load to extension wood of Coniferae is tho most suitable owing 
will not be exceeded. An extensometer is to its regular structure. Five or six pieces of 
fitted to the test piece, and readings of it taken wood of each cross-sectional area are tested 
at various loads shown by the testing machine in a standard machine as well as in tho 
indicator. These readings are then compared machine which is under calibration, 
with^ those calculated from the modulus of (v.) With a “ Standardising Box .."—This is 
elasticity, and a verification of the testing an instrument supplied by Messrs'. Alfred ,f. 
machine scale obtained. This method is diffi- Amsler & Co. for quick and accurate check¬ 



ing of testing machines. 
It is essentially a hollow 
test bar whoso strains 
under loading are 
measured by its diminu¬ 
tion or increase in 
volume. It is filled with 
mercury, and has a hori¬ 
zontal capillary tube, 
also partly filled with 
mercury, attached to it 
on one side, and a 
micrometer, working a 
plunger in and out of 
the box, on tlm other 
side. When the instru¬ 
ment is stressed axially 
the position of tho mer- 


cult to carry out except by persons skilled hi 
such work. 

(ii.) T1 ith Crushers, —-These are cylinders of 
copper whose diminution in length with load 
is known. A series of crushers are loaded in 
the compression apparatus of the machine 
with various values of the load, which are 
noted from the machine indicator. The actual 
forces exerted are deduced from the diminu¬ 
tion of length of the crushers, and these are 
compared with the indications of the machine 

(iii.) By a Series of Tensile Test Pieces 
Ihese are made in duplicate and of varving 
diameters, so that the largest test pieces'will 
take nearly the fuff capacity of the machine. 

I hey are all turned out of the same bar of 
homogeneous material, and one series is broken 
m the testing machine to be calibrated, and 
the duplicate series tested under the same 
conditions in a machine whose accuracy is 

Both methods (ii.) and (iii.) are simple, hut 
are not available for a greater accuracy than 
about ±2 per cent. 

(iv.) An improvement of the copper crusher 
method has been suggested by Schule and | 


tube is altered owing to tho change in volume. 
Ihe position of the mercury is then restored 
o the zero position by the micrometer. The 
reading of the micrometer is calibrated under 
mown loads, and this calibration used in 
conjunction with the standardising box to 
check the testing machine. 

The methods described above arc applicable 
I to most testing machines, but with single lever 
vertical machines a simple tost can lie carried 
out^ quickly and accurately in the following 

4 s t , h . e Ioad ia weighed by a jockey weight, 
and as there is only one lever, it is only necessary 
to verify the wraght of tho jookey and the short 
arm-length of the lever to ensure that the 
machine is reading correctly. 

(vi.) Weight of the Movable Counterpoise 
This can be found by lifting it from the lover 
ith a suitable weighing machine suspended 
from a crane or, where this is inconvenient 
^ v mea ". so f f i tIie lever itself, in the following 
y- .list balance the beam and adjust tho 
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vernier to zero, then liang up a known weight 
from the beam at a measured distance from 
the fulcrum. This raises the beam, and the 
counterpoise is run along until balance is 
again restored. 

If W= weight of counterpoise, 
w x = hanging weight, 
l x =s distance of hanging weight from 
fulcrum, 

L = distance counterpoise is moved to 
restore balance, 
then W — w-y x IJ L. 

(vii.) Distance behoeen the KnifeEdges. After j 
the beam has been balanced and the vernier 
adjusted to zero, a heavy weight w a is hung 
in the shackle of the machine and the counter¬ 
poise moved forward until balance is restored. 

If W = weight of counterpoise, _ 

L = distance counterpoise is moved to 
restore balance, 
iv i = weight hung in shackle, 

Z 2 =knife-edge distance, 
then knife-edge distance = Z 2 = L x W jw 2 . 

(viii.) Sensitivity.—The sensitivity of the 
machine can be determined by finding the 
greatest weight which can be hung from the 
shackles without causing the beam to move 
after it has been balanced. 

J. I-I. Wicksteed 1 found that with a 10U- 
ton machine in equipoise, but unloaded, so 
that the dead weight of lever and poise is 
equivalent to 6 tons on the knife edge, a pull 
on the shackles applied through a silk thread 
breaking with a load of 3 or 4 lbs. is sufficient 
to raise the lever arm through its whole arc. 

(ix.) Zero Error— Care should be taken to see 
that the zero of the machine is in adjustment 
before commencing a test. 

II. Elongation and Contraction ott Area 
g (14) Ductility. —For workshop use a bend 
test gives much information as to the ductility 
of a material, and requires very little special 
apparatus to carry it out. The usual measures 
of ductility, however, are the ultimate per¬ 
centage elongation or contraction of area at 
fracture in a tensile test. 

§ (15) Distribution or Elongation in the 
Test Bar. —If a test piece of ductile material 
is marked out in one-inch lengths and then 
tested in tension, it is found that it breaks 
with a nock or waist, and that the increase in 
length of the section including the neck is con¬ 
siderably more than at any other point along 
the bar. Observations for some bars are given 
in Table 1, and results from them are plotted in 
Fig, 47, where the stretched lengths are plotted 
as ordinates and the original distances along 
the bar as abscissae. The resulting curve is 
seen to consist of two parallel branches con¬ 
nected by a S curve, and it will be evident 
1 Proc. Inst, Mach. Eng., 1888, p. 454. 


from the curve that the vertical distance 
between the two parallel branches is the local 
extension due to the necking of the test piece. 

In Fig. 48 the same results are plotted in 
another way. The increases in length in each 



inoli are plotted as ordinates at the centre of 
each inch length and connected by a curve. 
It is seen that the rate of elongation at the 
fracture is very large, and that the curve is 
nearly symmetrical. 

From the figures in Table 1 the percentage 
elongations on various gauge lengths can bo 



calculated. Taking the fracture as near to 
the centre as possible, these results are given 
in Table 2 and are calculated as follows ; 

If the original gauge length =L X , 
the final gauge length=L a , 

the elongation = L 2 - L x , 
and the per cent elongation = 100(L a - Lj/Lj. 
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100 x £ = - + &L) = 100 ( 


VL 


+ M- (i) 


p™io n o s ; lo c]?&° f mm ^ ** 

? t ® I'&Wj sdc Unwin* “ Tensile Tests nf MiirV 
Steel, InsL Civ. Eng. Proa^ 1904, civ, 179 . 


It will be evident from the table that the 
percentage elongation is dependent upon the 
gauge length, decreasing as the gauge length 
increases, and that for strictly comparative 
results the same gauge length should be 
adopted for bars of the same diameter. Also, 
for strict comparability, the position of the 
fracture, should be the same in each bar. If 
the bar breaks near to the end of the gauge 
length the percentage elongation is low. The 
formula for calculating the error involved lias 
been expressed by Unwin 1 as follows: 

“ Let e, be the percentage of elongation in a 
gauge length L + 2X, and a, the elongation in 
a gauge length L - 2X, the fracture being at 
the centre in both cases. Then the elongation 
m a gauge length L when the fracture is at 
X from the centre is e=-|(e I -he.,).” 

The results in Table 3, taken “from Unwin’s 
paper, show the magnitude of the error. 
Unless the gauge mark is in the part affected 
by the local contraction, the effect on the 
percentage elongation is small. 

§ (16) Barba’s Law (Elongation on 
Geometrically Similar Test Bars). —The 
law connecting the elongation of geometrically 
similar test pieces was first given by J. Barba 2 
m 1880, who observed that similar test bars 
deform similarly. It follows that, for cylindri¬ 
cal specimens, if the ratio of gauge length to 
diameter is constant, the percentage elongation 
is also constant. This is shown clearly by the 
results on a mild steel and medium carbon steel 
given in Table 4. 

Unwin says 2 that “ in plate test bars, not 
strictly geometrically similar, the percentage of 
elongation is practically constant, if the ratio 
ot gauge length to square root of cross-section 
is constant. . The form of cross-section within 
somewhat wide limits, if the area is constant, 
does not appear to influence the elongation.” 

§ (I?) The Elongation Equation. (i) 
Variation with Gauge Length .—The elongation 
of a test bar is made up of two parts : 

(fi) The general extension, occurring before 
the maximum load is reached, which is approxi¬ 
mately uniformly distributed along the bar 
and therefore proportional to the gauge length. 

(b) A local extension independent of the 
gauge length occurring after the maximum 
load has been reached. 

If L = the gauge length, 
e=the total extension, 

then e = a + bL, where a and b are constants, 
the former for the local extension and the 
latter for the general extension. 

The percentage extension 


i.e. the percentage extension for a given 
sectional area decreases as L is increased. 

(ii.) Variation with Gross-section .—Only the 
local extension is affected by the cross-sectional 
dimensions of the test piece, i.e. the term a 
in equation (1). 

Since the local contraction is proportional 
to the linear dimensions of the cross-section, 
and the extension is not affected by the form 
of the cross-section, 

a—c\! A, ( 2 ) 

where A=tb.e cross-sectional area, 
c = a constant; 
i.e. for dissimilar test bars 


elongation = 100! 


: 100 (~j^+b 


(3) 


This formula is true provided 

(a) The gauge points are not too close to the 
enlarged ends of the test piece. 

(i) The length L is not so short as to fall 
within the area affected by the local 
contraction. 

Equation (3) is in agreement with Barba’s law 
for .similar test pieces that, when similarity is 
maintained, the percentage elongation is 
constant because, in that case, Jl/L, and, 
therefore, e becomes constant. 

Unwin 3 gives the following method of least 
squares for calculating the values of b and c, 
in the elongation equation, from a series of 
observations : 

This equation is 

e%=~: + A 

For simplicity, let s/A/L =a, and suppose the 
elongations have been observed for n gauge 
lengths. Then the most probable values of 
the constants are given by the equations 

n^a - (la) nla J -(la) s ' 

Applying these results to bar 84 (Table 2) 
whose diameter = 1-000 in. and area=0-7854 


3" = 41-0 6" = 31-8 
4 // = 36-5 7 // = 30T 
5" =■ 34-0 8"=28-8. 

wo have 
- n/I = 0>8863 
and n = 6. 

L. 

•/a. 

Tu~ a ' 

e , 

ea. 

a\ 

3 

4 

5 

6 

7 

8 

•2054 
•2216 
•1773 , 
•1477 
•1206 
•1108 

41-0 

36-5 

34-0 

31-8 

30-1 

28-8 

12-110 

8-088 

6-027 

4-696 

3-810 

3-191 

•08724 

•04910 

•03143 

•02181 

•01603 

•01227 

2 = 

1-0794 

202-2 

37-922 

•21798 


a.uuouc iUSia L 

Prop., 1904, civ. 233. 


Civ. Eng. 
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Extensions on I-incjh Lengths at 


Table 1 

[■ .Differ. ent Distances from the Fracture 


No. of Test 
Piece. 


94 

71 

84 

92 


Diameter 
of Test 
Piece. 
Inches. 


1-000 

0-999 

1-000 

1-000 


Yield 
Stress. 
Tons/Sq. In. 


22-9 

14- 6 
16-3 

15- 2 


Ultimato 
Stress. 
Tons/Sq. In. 


47-1 

22-9 

29-9 

24-7 


Extension in Inches in each Inch 
along the Bar. 


0-1 

1-2 

2-3 

3-4 

4-5 

5-0 

(5-7 

•08 

•10 

•20 

•23 

■12 

•10 

•12 

•1C 

•15 

•22 

•48 

•28 

•20 

•18 

•20 

•24 

•37 

•59 

•27 

•23 

•21 

-24 

•29 

•3(5 

•78 

•31 

•20 

•23 


Total 
Extension 
in Inches. 


1-08 

1- 84 

2- 30 
2-G7 


(Tlio fracture was included between 3-4 in each case. 


Table 2 


Percentage Extension on Different Gauge 
Diameter Bars. 


Lengths (including 
See Table I 


Fracture) 


ON 1-INOII 


No. of Test 
Piece, 

Gauge Length in Inches. . _ 

3. 

4. i 5. 

G. 

7. 

8. 



13-5 

23-0 

28-8 

33-4 

94 

71 

84 

92 

18-3 

32-7 

41-0 

48-3 

10-2 

29-5 

3(5-5 

43-0 

15-0 

2G-6 

34-0 

40-0 

14-3 

25-2 

3L8 

37 -2 

13-9 

23-7 

30 1 

35 3 


Table 3 


Elongation Percentage in 8 Inohes. when the Fracture is not at the Centre of the 

Gauge Length __ 


No. of Bar. 

Distance of Fracture from Centre of Bar in Inches. 

0 . 

1 . 

2. 

3. 

4. 

2361 

23G2 

23G3 

23G4 

23G5 

2390 

2391 

Fracture at 
Centre. 

29-2 

29-5 

29-8 

25-3 

29- 0 

26G 

30- 5 

29-1 

29 5 

29-7 

25'3 

29- 0 

26-6 

30- 5 

28- 9 

29- 5 

29-8 

25*3 

29-0 

26-0 

29-7. 

28-1 

29-1 

29-2 

24-4 

28-5 

26-6 

28-3 

Fracture at 
Gauge Point. 

23- 5 

23’9 

24- 4 

20-2 

24-1 

23-2 

| . 23-5 


Table 4 


Tests on Similar Test Pieces 


.....— 

-----| 

No. of Test 
Piece. 

Diameter of 
Test Piece. 
Dlnclies. 

Gauge 

Length. 

L inches. 

Itatio. 
h ID. 

Yield Stress. 
Tons/Sq. In. 

Ultimato 
Stress. 
Tons/Sq. In. 

Extension. 
Per cent. 

Reduction of 
Area at 
Fracture. 

Per cent. 

B10D 

B10E 

B10F 

•550 

•420 

•330 

4-6 

3-5 

2-72 

8-36 

8-33 

8’24 

28- 41 
28-88 

29- 01 

51-69 

61-27 

51-70 

17-4 
17-2 
16-8 . 

38-4 

37-5 

40-8 

A9D 
A9E 
^ A9F 

*•550 

•420 

•330 

4-6 

3-5 

2-72 

8-36 

8-33 

8-24 

21-26 

20- 51 

21- 06 

| 26-52 

26-27 
26-90 

33-2 

32-8 

32-2 

70-4 

68-7 

67-8 1 
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(2a) 2 = 1-165, 

(6 x 37-92) - (202-2 x 1-0794) 
J ' (6 x -2179) - M65 


= 65-5, 


, (202-2 x-2179)-(37-92x1-079) nn 

(6 x -2179) -1-165 ~ wl ’ 

and therefore the elongation equation for this 
bar of material is 

e%=^™5 + 22-l. 

§ (18) CONTRACTION OF AltEA AT FRACTURE. 
—If a is the initial area of the test bar and 
A the area at the point of fracture, then the 
reduction of area is equal to (a- A) and the- 
percentage reduction of area = 100 x (a - A) /a. 

If the material is perfectly plastic the per¬ 
centage contraction of area is equal to the 
percentage elongation where the latter is 
calculated on the final length of the test bar, 
*• e-100 x (a - A)/a = 100 x (L 2 - L x ),/L a . (L x and 
L a are the initial and final lengths respectively.) 
The proof of this is as follows : 

The volume of the test piece is assumed to 
be constant, therefore 


L^ x a—L 2 x A 
A_Lx. 
L a ’ 


subtracting each from unity, we have 

h 

La 


l-±, 

a 


: 1 


or 


cc — A L 3 — L^ 
a Li * 


The agreement between elongation and con¬ 
traction of area is only for the short part of 
the specimen where there is plastic deforma¬ 
tion, and it does not apply to greater lengths. 

Professor Elliot 1 has given a method of cal¬ 
culating the constants b and c of the elongation 
equation (e=c \/A/L — b) when the elongation 
is only known on one gauge length together 
with the contraction of area of the test bar. 
The method depends upon the assumption 
of a value for the original length of the 
contracted region. Taking this as m^A, 
Elliot found that m varied from 0-9 to 2-0,' 
and adopting the value of 1-37 he obtained 
very fair agreement with results previously 
published by Unwin. 2 


tion or reception tests have to be made 
quickly, and are principally directed to giving 
indications of the strength and ductility of 
the material. 

§ (19) Preparation 1 and Selection op Test 
Pieces. —The test pieces must be selected so 
as to give a reliable indication of the material 
as a whole. Sampling is inherently imperfect, 
and is therefore apt to cause difficulties. 
Samples should always be taken and stamped 
in the presence of an inspector acting on 
behalf of the purchaser, and there should 
be safeguards to avoid heat treatment or 
other manipulation after selection. 

The number of tests should bo specified, 
and, in order to cover errors which are likely 
to arise, limits should be allowed on the test 
results, and provision made for re-test if 
necessary. A usual clause is that, should the 
test piece fail to conform to the specification, 
the contractor shall have the opportunity of 
two further samples being selected by the 
inspector and tested at the manufacturer’s 
expense. Both of those samples must pass in 
order for the consignment to be accepted. 

Test pieces, if to be taken from a sample, 
such as a tyre, axle, crank-shaft, etc., should 
be cut out by cold sawing or drilling, and sub¬ 
sequently prepared by milling, turning, or 
planing. Should shearing be unavoidable,' care 
must be taken to ensure that the material is 
not bent, and that the sheared edges are 
entirely removed before testing. Cutting by 
oxyacetylene blowpipe should not be allowed, 
as it alters the structure of the material for 
from 2 to 3 in. from the cut. 

Iron or steel plates are usually tested both 
in the direction of rolling and across it, and 
with cast iron special bars are made- from each 
cast for transverse test. For some materials 
special bars form part of the casting and arc 
afterwards cut off for testing, but it is usual 
to specify the position of these bars and 
whether they are to be sand or chill castings. 

For special tests some form of heat treat¬ 
ment, such as normalising, annealing, or tem¬ 
pering, may be required. 

Annealing means reheating followed by slow 
cooling. Its purposes may be either to removo 
internal stresses and induce softness, or to 
refine the crystalline structure. In the latter 
case the temperature used must exceed the 


III. Procedure in ordinary Commercial 
Testing 

Commercial testing is undertaken primarily 
to ascertain if the material is of the quality 
required by a specification. These inspec- 


■fwES? RW? of ,t hc Constants of the Elongatioj 
° f AreV IntL Bn » 

Proc‘, 1904, 5l clv. e i75 ° f " MilCl Sfcee1 ’” InsL CilK En S 


upper critical range, but not more than bv 
50° C. 

Normalising means heating a steel (however 
previously treated) to a temperature exceeding 
its upper critical range (but not more than by 
50° C.) and allowing it to cool freely in air. It 
is desirable that the steel should soak at the 
required temperature for about 15 minutes. 

Hardening means heating a steel to its 
normalising temperature and cooling more or 
less rapidly in a suitable medium, such as 
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vater, air, or oil. Tempering is to reduce the 
mrdness and increase the toughness, and is 
sarried out by heating the steel (however 
previously hardened) to a temperature not 
exceeding its carbon change point. 

§ (20) Tension Tests. —The data ordinarily 
observed in a tensile test for reception pur¬ 
poses is 

Yield load. 

Maximum load. 

Elongation after fracture. 

Contraction of area at fracture. 

§ (21) Yield Point and Elastic Limit.— 
Very often there seems to be confusion as to 
jxactly what is meant by the elastic limit and 
the yield point. It is a common practice for 
the elastic limit to be specified when what is 
actually required is the yield point. The actual 
elastic limit can only bo obtained by the use 
of delicate strain-measuring instruments (see 
§ (62)); the yield point is slightly higher than 
the elastic limit, and is the point at which 
there is an increase in the extension without a 
corresponding increase in the stress. This point 
occurs in wrought iron or 
mild or medium carbon 
steel, and is usually well 
marked. With hard steel, 
bronze, and most alloys it 
is non-existent, the rate of 
extension with load in¬ 
creasing after the elastic limit without any 
sudden jump. 

For commercial testing the yield stress is 
the load per unit area at which there is a 
sudden visible increase in the extension 
between the gauge marks on the test piece, 
or it may be taken as the stress at which the 
beam or indicator distinctly drops when the 
load is applied at a uniform rate. 

The author prefers to record that “ there 
was no yield point ” in cases where these 
conditions are not observed, but, as some 
specifications require an arbitrary yield point, 
it is taken at the point at which the test 
piece extends approximately 1/200 of the 
gauge length. With a 2-inch gauge length 
this, for practical purposes, is the. point 
where the dividers, when set at 2 inches, 
just fail to “ feel ” the gauge mark 

Johnson 1 proposes that “in view of the 
difficulty of determining the true elastic 
limit an apparent elastic limit be taken as the 
point on the stress strain diagram at which 
the rate of deformation is 50 per cent greater 
than it is at the origin. Under this definition 
the apparent elastic limit would practically 
correspond to the yield point in materials 
having such a point and would give a reason¬ 
able value for such materials as cast iron, or 
hard steel, for which this diagram shows a 
1 Materials of Construction, 1918 edition, p. 10. 



very gradual curvature away from the straight 
line. Such a criterion has much, merit and 
would accomplish the following results : 

«(i.) It would always fix one and the same 
well-defined point. 

“ (ii.) This point would always correspond to 
so small a permanent deformation as to be, for 
many practical purposes, the true elastic limit. 

“(iii.) It is equally applicable to all kinds 
of tests, whether on specimens or on finished 
members or structures, where deformations 
of any kind can be correctly mea.su red. 

“ While the 50 per cent increase in the rate 
of deformation is purely arbitrary, it is not 
large enough to fix a point having an appreci¬ 
able permanent set, but it is large enough to 
fix a well-defined point on the stress strain 
diagram.” 

Unwin, 2 however, says that “ such a point 
has no significance,” also “ that the attempt 
sometimes made to define arbitrarily a yield 
point for materials which have no distinct 
yield point, and, often as manufactured, no 
elastic limit either, appears to him to be 
useless and misleading.” 



Fig. 49. 


It is convenient, where a considerable 
amount of testing has to be done on the same 
size of test piece, to use a simplified exten¬ 
sion measurer applied to the test piece instead 
of dividers. G. H. Roberts 3 describes and 
illustrates an instrument of this kind in which 
the extension of the tost piece is communicated 
to the pointer on a dial. One division on the 
dial indicates a movement between the jaws 
of 0-001 inch. The yield point is seen 
quite definitely if it occurs, or the load for an 
extension of 1/200 of the gauge length can be 
also noted with fair accuracy. 

Capp’s 4 multiplying dividers answer the 
same purpose. They are illustrated in Fig. 
49, and consist of two arms so pivoted that the 
motion of the points in which the short arms 
terminate is multiplied about ten times at 
the scale and pointer forming the ends of the 
Jong arms. To use the instrument the points 
of the dividers are placed in the centre punch 
marks on the test piece and hold firmly in 
place when the load is applied. The pointer 
moves across the scale slowly until the yield 
point, when a sudden and marked increase in 
the rate is observed. 

§ (22) The Maximum Load.—A n autographic 


» Testing Materials of Construction, 1910 edition, 
P 11 “ Engineering Eeseareli,” Inst. Mech. Eng. 
* Proa. \mer. Soc. Test. Mat., 1907, vii. 024. 
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stress strain diagram shows that, with a test 
bar which “ necks ” before fracture, the actual 
load necessary to break the test piece at the 
neck is less than the maximum load on the 
bar before the reduction of area takes place. 
Nevertheless, the stress obtained by dividing 
the breaking load by the reduced area is 
greater than the stress obtained by dividing 
the maximum load by the original area of 
the bar, which is the figure required by 
specifications.. 

The terms breaking stress, maximum 
stress, and ultimate stress are applied indis¬ 
criminately to indicate the maximum load 
divided by the original area which is desired 
by specifications. It is obviously not the 
maximum stress, although it is calculated 
from the maximum load. As the term 
breaking stress is also liable to be mis¬ 
understood the author prefers to call it the 
ultimata stress. 

§ (23) Percentage Elongation and Con¬ 
traction of Area. —In specifications the 
elongation and contraction of area aro re¬ 
quired in order to obtain a measure of the 
Both are e.m- 


B = 


1-05 


= 0 - 21 , 
3-45 


0-60, 


2417-1-32 
8-3 ~ 5 

fl-32i<8)~(2-37x3) 

8-3 ‘ 

ie. general extension=B=21 per cent. 

§ (24) Measuring the Extension.— iUl 
gauge length in ordinary commercial testing 
is marked on the bar before it is tested, by 


-The 



ppiijiiiiji|ii|imiiiii|iiii||iii|iin|mr 

40 30 20 10 


ductility of the material, 
pirical values, and the former, 
as has been shown in § (17), 
is dependent on the cross- 
section of the test bar and 
the gauge length. It has 
been suggested that the per¬ 
centage general extension instead of the per 
centage total extension should be adopted, 
as this is independent of the form of 
test bar. It would, however, complicate 

the calculation of the results, and owing 
to the general adoption of the other method 
of expression would doubtlessly cause con¬ 
siderable confusion. 

The general extension, if it is required, is 
obtained either 

(i.) hrom an autographic diagram, as the 
extension at maximum load, i.e. before the 
necking of the test piece, or 

(ii.) irom the measurement of the elongation 
on two-gauge lengths on the same test piece. 

liras if e 1 = elongation on gauge length L x , 
e a =elongation on gauge length L a , 
ct—total local extension, 

B -=tho general extension per unit 
length, 

then 

e a =BL t + a, 

and the general extension per unit length 

— u — e a ” e i 
L 2 -L(’ 

L a -L A * 

e.g. with a 30-ton steel, diameter = 1-000 inch 
Extension on 8"=2-37 inches (29-6 per cent)! 

=1-32 inches (44-0 per cent). 


Fra. SO.— Double Centre Punch. 

means of either a double centre punch {Fiq, 50) 
or a laying-off and per cent gauge (Fig. 51). 
It is, however, nearly as convenient and almost 
as quick to use a pair of dividers set to 
the correct gauge length. It is necessary to 
have a vee block to support the test piece 
during the marking-off process. 

As long as the fracture is not less than a 
length equal to the square root of the area 
inside the gauge mark 



Extension on 3" = 


: IG. 51.—Lnying-Olf and per cent Gauge. 

elongation is usually accepted as satisfactory 
i.e.0-5 inch for a test piece of 0-25 sq. in. area 
or 07 men for a test piece of 0'5 sq. in. area. 

Sometimes it is specified that “ should a 
tensile test piece break outside the middle 
half of its gauge length the test may, at the 
contractor’s option, be discarded and another 
tensile, test shall be made from the same bar, 
billet sheet, forging or drop forging.” The 
middle half is defined as shown in Fig. 52, 

. § (^0 Method oe reporting Results.— It 
is desirablo that the results should be reported 
in such a 
manner that 
the informa¬ 
tion can be 
assimilated, 
as easily as 
possible. It 
adds greatly 
to the facility with which the results can ho 
compared and scrutinised if the form of report 
is always in the same style. The following 
points are also worth consideration: 

FF® rc P ort should contain as far as 
possible the actual observations. 

(2) The heads of information which are 
purely observational and those which have 
been reduced by calculation should he kept 
separate. It is convenient to have the latter 
on the nght-Jiand side of the form* 


— 


Mi data 

Half 


i 





LJ 


pcwge Langtli 


' - 


Fig. 52. 
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A typical form for tensile tests is given in 
Fig. 53, together with the results of a few 
tests. It is seen that the information which 


the bar tested under tension, a concentration 
of stress is caused at the bottom of the 
groove or notch which is thus formed, while 


Repoet.—Tensile Test of Material carried opt on Boiler Plate huti-likd by 
A. Brown & Co., Ltd., for whom the Tests were made 



fl 

Original Dimensions. 

Yield Load. 

Tons. 

T3 

Dimensions at Fracture. 




S 


Test No. 

•2 sd 

Gauge Length. 
Inches. 

Dimensions. 

Inches. 


3 . 

0 3 

I s 

'0 

$ 

Extension. 

Inches. 

Distance of 
Fracture from 
Gauge Mark. 

Dimensions. 

Inches. 

Hg 

a* 

min 

2'f 

*!h o 

hH 

Ultimate Sti 
Tons/Sq. I 

Elongatioi 
Per Cent 

B eduction of 
Per Cent 

Itemarkfl. 

1201 

UEl 

2 

•503 

•2480 

3-4 

0'5 7 

•07 

1-0 

•305 

4225 

13'7 

20-40 

33-5 

50-8 

i Slightly laminated 

1 fracture 

1202 

UI32 

o 

•503 

•2480 

3-8 

7-18 

•02 

i-i 

•380 

4184 

15-3 

28-85 

81-0 

04-4 


1203 

UK3 

2 

•503 

•2480 

4-0 

0-77 

•02 

14 

•370 

4075 

104 

27-20 

31-0 

50-8 



Fig. 53. 


is ultimately required is given in the last live 
columns. 

Example of Test Record and Calculation of 
Results .— 


the shoulders formed by the groove prevont 
free elongation of the metal. 

In a material which extends very little, an 
abrupt change of section will lower the 


Tensile Test on Boiler Plate for A. Brown & Co., Ltd. 
Material received July 30, 1920 



1. 

2. 

3. 

Test No. 

1201 


.. 

Identification marks 

UEl 



Gauge length ..... 

2" 



Dimensions of test piece 

0-503" diam. 



Cross-sectional area of test piece . 

0-2489 sq. in. 



Yield load. 

34 tons 

3-4/0-2489 

13-7 tons/sq, in. 

Yield stress. 

, . 

.. 

Maximum load. 

0-57 tons 

0-57/0-2489 

20-40 tons/sq. in. 

Ultimate stress .... 



Elongation 

0-07" 

(0-07/2) X 100 

33-5 per emit 

Distance of fracture from gauge 

} L0" 



mark 



Dimensions at fracture . 

0-395" diam. 

■2489--1225 


Area at fracture .... 

0-1225 sq. in. 

•2489 


Reduction of area at fracture 



50-8 per cent 

1 Slightly laminated 

Remarks. 



\ fracture 


It will he noted that, with the exception of the original area, the observed values are given in column 1 ai 
the calculated figures in column 3. This method simplifies the typing of the report as given in Mig. >>3. 


and 


§ (26) Forms of Tensile Test Bars. —It is 
shown by experiment that the form of the 
tensile test piece has an influence on both the 
elongation and the strength. 

The elongation with, ordinary test bars is 
measured on a gauge length of uniform 
section. The effect of the enlarged ends is 
to reduce the local drawing-out of the material. 
The parallel part of the test piece is therefore 
always made somewhat greater than that on 
which the elongation is measured. If the 
length of the parallel section is reduced so 
as to form an abrupt change in cross-section of 

VOL. i 


breaking load,' while with a ductile material 
the suppression of the local drawing-out 
gives an increased tensile stress. 

The influence of the gauge length on the 
percentage elongation has been discussed in 

§ (17). 

On account of the considerations stated 
above, it is essential that definite types of 
specimen should be specified for commercial 
tests, in which the results of the tests 
decide whether the material is to bo ac¬ 
cepted. 

As a result of the work of Barba, the French 

L 
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Commission recommends the adoption of the 
relation 

L a = 66-67 A 

or L=7-2D for circular specimens, 
where L=the gauge length, 

A=area of cross-section, 

D=diameter of the test bar. 

The German Commission recommends the 
use of the relation 


L = ll-3 vA 

orL = 10D for circular specimens. 

Thus while, with a test piece 10 mm. 
diameter, a gauge length of 72 mm. is recom¬ 
mended in France, a length of 100 mm. is 
adopted in Germany. 

Owing to the practical difficulties in the 
way of adopting a varying gauge length for 
different cross-sections of test piece cut from 
plates and other rolled sections, fixed standards 
for cylindrical and flat specimens have been 




l-5" .far plates 


-- S Parallel ~ 
8"Gauge Length 


aver 0-875"thick 




Z. 


2*0" for plates 
0-375" to 0-875 thick 



B.E.S.A. Standard Sizes of Test Plates for Plates 
~Gauge — 

Length 





Length Parallel 



d 

G 

P 

P 

i 

s 

L, 

l-e 

D i 

Dj 

0-977 

-3*50 

4*00 

5 

8 

1*5 B.S.W, 

6*25 

8 

1-25 

7-75 

0*798 

300 

3*375 

4 

6*5 

7*25 B, S. W, 

5*25 

6*5 

1*0 

1*5 

0-564 

2*00 

2*25 

3 

4*5 

0*75 Q.S.F, 

4*25 

5*25 

0*75 

1*25 

0-353 

1'22 

1 *50 

2 

3 

0*50 B.S. W. 

- 

- 

** 

- 

0*725 

0*443 

0*625 

0*875 

PS 


- 

- 

- 

- 


Radius r should be as large as is consistent with 
the ether dimensions. 

x These are B.E.S.A. Test Pieoes 


Standard Forms of Cylindrical Test Bars 


Fig. 54. 


prescribed by the American Society for 
Testing Materials (A.S.T.M.) and the British 
Engineering Standards Association (B.E.S.A.). 

The sizes selected by the B.E.S.A. are given 
in Fig. 54. Those adopted for cylindrical test 
bars of forgings (Fig. 54) approximately 
satisfy the law of similarity, where 

L=4\/A, 

viz. : 


Diameter. 

Inches. 

Area in 

Sq, Indies. 

Gauge. Length. 
Inches. 

— 

0-250 

2 


0-500 

3 

■ 

0-750 



For plates, both 10-inch and 8-inch gauge 
lengths were in use before the B.E.S.A. standard 


was published. A standard width of 2 inches 
was used for convenience in milling; this gave 
a cross-sectional area varying with different 
thicknesses of plate, and thus disregarded the 
effect of the cross-sectional area on the per¬ 
centage elongation. 

In" order to overcome this difficulty tlio 
B.E.S.A. standardised test bars having a fixed 
gauge length of 8 in. and a width varying with 
the thickness of the plate. In order to lessen 
the cost of production, three widths only wore 
chosen, viz.: 


Thickness of 
Plate. 
Indies. 

Width of Test 
liar. 
Indies. 

Gauge Length. 
Indies. 

Under -j} 

2 

8 

§ to $ 

2 

8 

Over $ 

H 

8 


§ (27) Enlarged Ends op Test Phages. 
(i.) Tensile. Tests .—The design of the enlarged 
ends of test pieces requires care in order to bo 
sure of satisfactory results. It has already 
been stated that axial alignment of the test 
piece is necessary for accurate work and that 
this is best attained by the use of spherically 
seated holders. 

For brittle materials it is essential that the 
transition from the parallel part of the test 
piece to the enlarged ends is gradual, and that 
any part of the enlarged ends which is screwed, 
or otherwise has a sharp corner, is sufficiently 
large to prevent fracture at that place, Forms 
of ends for turned test pieces of cast materials 
are given in Fig. 55. * 

Test pieces may be tapered inside the gauge 
length towards the centre, to an amount not 
exceeding 0-003 in. for turned tost pieces 
and 0-01 in. for sheets or plates, in order 
to induce fracture near the centre of the gauge 
length. If this is done the middle half of the 
gauge length of the test piece should bo parallel. 

(ii.) Compression Tests on, Metals .—With the 
more plastic metals there is no well-defined, 
point of break-down under compression, and it 


3'A Radius 



4«—3*C"-_A_: 

■ 

—d- 01am. 



Test Piece for Wedge Grips 


Fig. 55. 


is usual to record the compressive strength 
at a given unit of deformation. The values 
which are obtained in this way are only 
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comparative and do not give results which can 
he used as a basis for calculating sizes of 
structures. 

With brittle materials the ultimate stress 
can be obtained with precision, and the 
results are of value for calculating sizes of 
compression members. 

For metals the test piece is usually a 
cylinder whose ratio of length to diameter is 
two. 

It is important, especially with brittle 
materials, that a spherical seated shackle 
should he provided in order to adjust for 
inaccuracy of the parallelism of the shackles. 

A form of shackle is shown in Fig. 39. Caro 
should be exercised to ensure that the pressure 
is applied axially. , . 

§ (28) Quality Factor.— Various empirical 
means of estimating the quality of the material 
from the results of the tensile test have been 
suggested. They combine the tensile strength 
with either the percentage of elongation or 
percentage contraction of area at fracture. 
The only factor which has been used to any 
large extent in this country is a modification 
of one suggested by Wohler: 

Wohler’s quality factor =p 1-", 
and the modified factor —p + e, 
where p = tensile strength, 

e=per cent elongation, 
c=por cent contraction of area. 

A quality factor must bo used with care, 
hearing in mind the use to which the material 
is to be put. 

§ (29) Bend Tests.— A rough workshop test 
of the ductility of metals is given by the bond 
tests of various types which are now in common 
use. The test is made by bending a piece of the 
material either by steady pressure or hammer¬ 
ing, the former giving the more concordant 
results, until an angle of 180° is reached or 
previous rupture takes place. In the latter 
case the angle is noted at which fracture occurs 
on the outside of the bend. A largo amount 
of experimental work has boon carried out by 
Mr. Bernard Firth, 1 but the test has not been 
so carefully standardised as the tensile test. 

The test is also used for ascertaining tlie 
effect of punching and drilling on tho ductility, 
by using perforated plate specimens with the 
hole in the centre of the plate. The diameter of 
the hole, as recommended by Martens, should 
be twice the thickness of the plate and tho 
width of the specimen five times its thickness. 

§ (30) Kinds op Bend Test.—T he principal 
types of bend teat in use are : 

(i.) Gold bend test (as received). 

(ii.) Cold bend test (annealed). 

(iii.) Quench bond test or temper bend test, 
(iv.) Hot bend test. 

' (v.) Nick bend test. 

1 Inst. Civ. Eng. Pros. elv. 254. 


(i.) Cold Bend Test .—This is the type w. 
is most commonly used and is carried out V, 
normal temperature. To test the ductility ' 
at low temperature the test pieces are some¬ 
times cooled artificially. 

(ii.) Annealed Bend Test.—F or the annealed 
bend test the material is, previously to bending, 
reheated to a temperature exceeding its upper 
critical range, followed by slow cooling. The 
steel is usually very bad if it cracks after 
annealing. 

(iii.) The quench bend lest is used for determin¬ 
ing tho effect of alternations of high and low 
temperature on tlie ductility on such materials 
as boiler-rivet steel and stay-bolt iron. Before 
applying the bend test the material is heated 
to blood-rod and plunged into water at a 
temperature of 80° F. The colour is judged 
indoors in the shade. 

(iv.) The hot bending test is specified to detect 
rod shortness 
or high sul¬ 
phur content. 

The material 
is bent while 
at a tempera¬ 
ture of about 
950 to 1000° 

0 . 

(v.) The. 
niched bend 
test is in¬ 
tended to 
show whether 
tho material 
has a crystal 


( Testing Machine 
(Upper Head) 



lino or fibrous k 

s t r u o t u r e. Testing Machine Table 
Tho test piece • Fia. 50. 

is nicked all 

round, before bonding, with a tool having a 
cutting angle of 00°. Tho depth of the notch 
is 8-1(5 per cent of the diameter of tho test 
pioco. The test piece should ho placed so that 
tho bond occurs with the minimum depth. 

§ (31) Forms of Si’Koimenh for Bend 
Tests and Method of Testino — Rods are 
usually tested without machining. Plates 
should ho planed at the sides after shearing* 
and tho corners rounded with a file, otherwise 
cracks may start at tho corners due to tho 
shearing process having weakened the metal. 
With plates over one inch thick it is especially 
important that this precaution should be 
taken. 

It is usual to bend bars, unless otherwise 
specified, round a mandrel of a radius equal 
to the diameter or thickness of the bar. 

A cold bonding apparatus is shown in Fig. 5(5, 
in which a steady pressure is applied during 
tho test. The lower plate A rests on the 
table of the testing machine while the upper 
tool B is held in place in the pulling head by 






ELASTIC CONSTANTS 


nuts and plate. The brackets CC are 
“ Paced sufficiently apart to allow the upper 
. and twice the thickness of the specimen to 
UBily p as s between the lower rollers dd. The 
^ oUera can be changed so as to adapt the appar- 

xfro either round ’ S( l uare > or twisted bars, 
o-! VV - Jlerc a lar " e number of tests have to he 
’’i rried out, and the testing machine or press 
be s P ared * i<! is usual to have a special 
tuxe trine used exclusively for bend tests. A 
• power machine for specimens up to 

inch square is shown in Fig. 57. 

■I lie correct size of centre pin is first put 
m t-Tie machine, the crank arm is next rotated 
im-fcil th,e crank arm pin is below the level of 
' 10 -test piece, and then the table is adjusted 
kV means of the small hand-wheel until the | 


Bend tests are now often replaced by simdo- 
blow notched bar tests (see § (98) to § (109)); 
but these require special testing plant 



' A 

Bend Test 



r 

w 

-£- 

1 

"j 

1 1 





! J 2% cl 

B 

j 

_._L 


«t Flattening Test 

Pig. 58. 


. Worm amt Worm-wheel 
vp n justable graduated ring 
jriJtact to the rouarso side of 
*•* JMSorni-uiliaol for reading 

thti txnrj/a of tioudj 


Oran It Arm 


Test Piece 


Crank Arm 
Pin 



Frame of Machine 


L»|> of the specimen rests against the centre 
|mi, w hi cli should bo at about the centre of the 
ajituumen. The graduated ring is set to zero, 
uiul power is applied to the crank arm, which 
1 ov <hvob xi ntil the test piece ruptures or the 
mptired angle of bend, read off on the gradu- 
att'd .ring, is reached. 0 

A fjvfciguo test is sometimes used as an 
nltorntvtivo to the bend test. The test piece 
in p|. u,oq< 1- on hearings with a span of 6 in., 
itn<L must stand vdthout fracture twenty blows 
from tv weight (of 1120 lbs.) liaving a rounded 
tuiri of 1T in. radius and falling 6 in. The 
test piece is to he reversed after the first and 
ovary alternate blow. The height of fall after 
thn twenty blows is increased to 12 ip. and the 
tryst continued until fracture occurs. 


§ (32) Tests for Rivets. -Rivets are usually 
subjected to a bend test and a flattening test. 

• tor the bend test they are hammered cold 
without cracking until the 
two parts of the shank 
touch (Fig. 58 (A)) and for 
the flattening test the heads 
Hand Wheel ana are hammered while the rivet 
of gears for * s hot and must flatten with- 
appiuing power out cracking of the edge to 
a diameter 2£ times that of 
the shank (Fig. 58 (R)). 

§ (33) Bulging, Drifting, 
Flanging, and Flattening 

entre. Pin J ESTS F0R CoppE R' and 
Brass Tubes.— It is usually 
specified that brass and 
copper tubes shall stand a 
certain percentage increase in 
the diameter (25 per cent is 
Guides for Table usual) without crack or flaw 
when subjected to bulging 
(Fig. 59 (A)), drifting (Fig. 
59 (B)), or flanging (Fig. 59 
(G)). Another test which is 
frequentlyimposed is flatten¬ 
ing and doubling over. It 
is generally carried out both 
cold and at red heat. The 
tube is flattened and doubled 
over through 180° as shown 
at Fig. 59 (D). 

§ (34) Drifting Test of Metals.— Another 
workshop test for ductility, which is applied 
with ordinary shop appliances, is to ho,re holes 


Guides for Table 


Hand Wheel 


A. Bulging Test B, Drifting Test 



C. Flanging Test 


D. Flattening fit Doubling 
* over 

Fig. 59. 


of a given diameter near to the edge of the 
plate and. open them by means of a conical 
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drift, (taper 1 in 10) until cracking occurs 
or a definite increase in diameter is reached. 
The hole is usually § inch diameter and 1J 
inrdi from the edge of the plate. 

The following table gives comparative 
figures for various sixes of plate: 

Tabus 5 


Material. 

Thick¬ 

ness. 

Inches. 

Original Size 
of Hole, in 
Inches, 

Enlarged Size 
of Hole before 
Cracking, 
in Inches. 

Wrought) 

0-20 

0-025 

1-00 

iron 1 

0-25 ' 

0-025 

1-20 

' 

0-30 

0-025 

1-32 

Mild Hire! 

0-30 

0-025 

1-50 


^ (8n) FaUiINU Wi-ucuit Test (called “ drop 
test ” in IT.S.A.).—The falling weight test is 
considered to be a most, useful test for rails 
ami is given a prominent place in rail speci¬ 
fications. It is made by placing a piece of the 
rail 4 to (5 ft. long on supports 3 ft. apart and 
dropping a heavy hammer, through varying 
distances, on to it at the mid-point of the 


fall, radius of striking faces and supports, and 
form of foundation must he specified. There 
is a difference of opinion however on this point, 
more especially in regard to the foundation of 
the machine. 

Particulars of the standard machines usually 
adopted in the United States of America and 
in Great Britain are given in Table 6. 

The atmospheric temperature is usually 
reported, and due allowance is made for rails 
tested at or below 0° C. 

The falling weight test is also applied to 
tyres and axles. For tyres a weight of 2240 lbs. 
is allowed to fall freely from 10, 15, 20 ft., and 
upwards on the tread; the tyre being placed 
in its running position upon a heavy east-iron 
anvil supported by a rigid concrete foundation. 
The tyre must deflect a given amount without 
fracture. 

If d —internal diameter of tyre, as rolled, 
in inches, 

t = thickness of the centre of the tread, 
as rolled, in inches, 
deflection = d 2 /cf 2 , 

where c = a constant depending on the breaking 
stress of the material (see Table 7). 


Table G 


U.S.A. 


Falling weight 


Anvil 


Foundation . 


Of cast iron with steel striking die 
having a radius of striking face 
of G in. and length of face of 12 in. 

Total weight 2000 lbs. 

Solid iron casting 15 in. thick and Weight 26,880 lbs., area of base 
weighing 20,000 lbs. | 45 sq. ft. 


British. 


Of cast iron with steel striking 
face having a radius of 5 in. 

Weight 2240 lbs. 


Anvil supported on 20 springs 
arranged in groups of five at each 
Corner. The springs are sup¬ 
ported by a east-iron base-plate 
which is bolted to a substructure 
with a timber floor in between. 
The floor to he 18 in. longer than 
the base-plate. 

Supports for test piece (anvil dies) Pieces of steel having a cylindrical 

hearing surface of 0 in. 

H,.louse.A tripping d evice. 

span. The results sho w if the rail is brittle and 
the deflection gives a measure of the ductility. 

L> II, Dudley 1 <>f XJ.S.A. says: “ The physical 
properties of 'different unctions can be com¬ 
pared and tlioil* chemical compositions adjusted 
from the results obtained on the standard 
drop-testing machine.” ,4 

The results are comparative only when] 
carried out under the same conditions. _ 

It is generally recognised that the weight 
of tup, distance apart of supports, height ot 
1 Proa. June?. Soc. Test. Mot., 1910, X. 232. 


Anvil supported direct on 25 
tons of concrete having an 
area of 100 sq. ft. No timber 
or springs between the test 
piece and foundation. 


Steel hearers having a radius 
of 3 in. 

No automatic release allowed. 


Table 7 


Breaking Stress in Tons 

Value of e. 

per Square Inch. 

45 

42-48 

GO 

50-55 

55 

! 56-02 


8(36) Drop Test op Tyres. — Tyres are 
subjected to a drop test as well as to a fall¬ 
ing weight test. The tyre is allowed to drop 
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freely, in a running position from a specified 
height, upon a rail fastened to an iron block 
of not less than two tons weight. The tyre 
is then turned through 90° and dropped a 
second time. The height of fall depends upon 
the diameter of the tyre (see Table <->). 

Table 8 


§ (37) Testing Cast Iron, (i.) Transverse 
Test .—Owing to the ease with which it can be 
carried out the transverse, or cross-breaking 
test, has been universally adopted as the 
standard for cast iron. The test is carried out 
Table 9 

Particulars or Standard Test Bars 
tor Cast Iron 



English 

Standard. 

American 

Standard. 

German 

Standard. 

Cross-sectionof f 
bar in inches ( 

1" wide ) 
2" deep / 

IJ'diam. 

I lyV' diam. 

Length of bar ) 
in inches J 

40 

15 

251 

Span in inches. 

36 

12 

23-62 

How cast . 

Oil edge 

Vertically 

Horizontally 


by breaking the test bar as a beam loaded 
centrally. The strength is measured by the 
centre load which the bar will carry. The 


Height of Fall in 
Feet. 

Internal Diameter of Tyre 
in Feet. 


5 

Up to 34 


4 

34 to 44 


34 

4tSt to 5ijp* 


3 

5J to 64 


24 

Over 6£ 



in order to obtain comparative results, but 
unfortunately tho standards which are in use 
in various countries are different. Particulars 
are given in Tablo 9. 

The general experience, in casting liars of 
the various standards in use, is that thorn is 
a little more difficulty in obtaining sound 
bars cast to the English section than in tho 
case of either the American or Gorman bars. 

Machined bars are generally weaker than 
unmachined specimens. 1 

If W is the central load, L the span, 'A tho 
modulus of the section, and / tho stress in 
the bar. 

Then within tho elastic limit, 


=/ x Z, or/= 


WL 


I 

* Z* 


WL 

" 4 " J 4 

Above the elastic limit tho stress calculated 
from the formula varies for the saine material 
with the form of the section, but if tho break¬ 
ing load W ), is substituted for W, a value 
of / is obtained which is a measure of tho 
quality of the material for liars of similar 
section, and is called the modulus of rupture. 

G. Iiailston, 2 in 1914, as a result of a series 
of experiments on oast iron when tested by 
cross breaking, finds that whereas the ratio 
of the breaking loads for 1x2x36" (span) 
and 1 x 1 x 12" (span) beams is 1*333 if ’the 
formula W x L/4 =fZ is taken as applying up to 
the point of rupture, the actual value' is M53 if 
the pieces are machined, and 1*14(5 when tested 
with the skin left on. He further linds that 
the best test bar to give the most consistent 
and comparable results, both with breaking 
load and deflection, is 2J x lft x 42" east on 
the flat and machined down to 2 x V and tested 


Table 10 

A Comparison oe the Results on Grey Cast Iron 
Showing decrease of the modulus of rupture as tlio span increases 


Silicon. 

Per Cent. 

Span. 

Inches. 

Mean Centre 
Load. 

Lbs. 


12 

3000 

1-5 j 

18 

1935 

{ 

24 

1425 

OA ( 

12 

2900 

2-0 

18 

1835 

l 

24 

1265 

0. f 

12 

2880 

2-5 J 

18 

1905 

1 

24 

1400 


tion is also usually specified because, 
taken in conjunction with the load, it 

ttl firvnmvimotn - * *■» , i 

tough- 
\a,t the 

rrlisArl 


Modulus of 
Rupture. 
Lbs./Sq, In. 

B». 

Tensile Strength. 
Lbs./Sq. In. 

Hi. 

Sw 

Hi 

47,100 

) 

1-81 

45,600 

r 25,600 

1*78 

44,700 

J 

1-75 

45,500 

) 

1-87 

43,200 

r 24,370 

1-78 

39,700 

I 

1*03 

45,200 

) 

1*83 

44,900 

b 24,600 

1-82 

44,000 

J 

1-78 


on a span of 36 in. Tho rate of testing should 
not exceed 112 lbs. in less than 15 seconds. 


lxxxvi. S 248° aUd ■ Robhl3on ’ Im • Civ - Eng. 
a Iron and Steel Inst. Journ., 1914. 


Pm 
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The results in Table 10 of tests on grey 
cast iron by Mathews 1 show that the modulus 
of rupture” decreases as the span increases ; 
the cross-section being circular (1{- in. diam.) 
and kept constant. 

Table 11, compiled from figures recorded by 
J. E. Stead, 2 gives a comparison of results 


The following observations have been 
recorded as the result of careful experiment: 

(1) Square bars, in general, exhibit a slightly 
higher modulus of rupture than round liars of 
equal area. Tests by a committee of tho 
American Society of Mechanical Engineers 3 
give an average of about 5 per cent higher. 


Table 11 

Experiments on Transverse Strength 
Comparison of tests on English, Gorman, and American Standard Bars 




Span. 

Inches. 

Mean Centro 
Load. 

Lbs. 

Deflection. 

Modulus of Rupture. 

Description. 

Indies. 

Inches. 

Lbs./Hq. In. 

Tons/Kipln. 

English Standard— 
Cast on flat . 

1-07 x 1-98 

30 

2840 

0-38 

36,500 

16-3 

Gorman Standard— 
Cast horizontal 

1-14 diam. 

23-02 

1210 

0-32 

49,200 

22-0 

American Standard— 
Cast vertical. 

1 -24 diam. 

12 

3230 

0-11 

51,800 

23-1 

English Standard— 
Cast on edge 

1-02x2-04 

36 

3370 

0-40 

42,000 

19-2 

German Standard— 
Cast horizontal 

1-23 diam. 

23-02 

1060 

0-36 

53,700 

24-0 

American Standard— 
Cast vertical . . 

1-25 diam. 

12 

3380 

0-135 

52,300 

23-3 


obtained on British, American, and Gorman 
standard bars. His conclusion is that it is 
desirable that any bar for testing for deflection 
by transverse stress should not he less than 
24 in. long, as, with shorter bars than this, it 
is very difficult to measure to the required 
degree of accuracy except with very delicate 
measuring instruments. 

In commercial work a defleetomotor of the 
type shown in Fig, 60 is 
generally used. It consists 
of a cast - iron base the 
bottom of which is care¬ 
fully planed. This base 
Sca/eMl 11 carries a scale along which 
a lever moves a vernier 
reading to 0-001 in. The 

Sliding A 
Vernier 


(2) Bars east horizontally are strongest when 
the load is applied against the cope face. 

(3) .Rough bars are stronger than planed 
bars.' 1 

(4) Tumbling in a rattler increases the hard¬ 
ness of the skin and therefore improves tho 
strength. 

(5) ’ Bars run with hot metal are weaker and 
deflect more than bars run with dull metal/ 1 

(6) Tapping a bar with a hammer during 
test reduces its strength/ 

(7) For bars of 'the same proportions, 
tho modulus of rupture is lower as tho 
section is larger. 8 


Leuei\ 



Plungar\^J+^+-J& Adjusting 
rfWn IV Sereiu 



ElG, 00. 


adjusting screw of the lover is arranged under 
the transverse tool so as not to ho affected 
by the breaking of tho specimen. A simple 
arrangement which is sometimes adopted is 
to use a Brown and Sharp lathe indicator 
under the transverse tool at the centie of 
tho beam, 

1 Proc. Amer. Soe. Teel, Mat. x. 200. 

11 Proc, Int. Assoc. Test. Mat., i.912, vi. 4. 


(8) A wido bar gives a higher, and a deep 
bar a lower modulus of rupture. 8 

With the English standard tost pieces 

» Trans. Amer. Soo. Much. lSng. xvi. 543 and 1000, 

XV *\segundo and Robinson, Tnsl, Civ, Eng. Troc. 

^H^lnst. Cir. Eng. Proc. Iviii, 222. 

* Umvin, Testing of Materials of Construction, 1910 
od., p. 291. 
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(l" wide, 2" deep, 42" long, and 36" span) the 
strength of east iron is usually specified by its 
breaking load in cwts., figures of 18, 28, and 
38 (cwts.) corresponding to poor, fair, and 
good cast iron. A usual specification is that 
the east iron shall sustain a load of 30 cwts. at 
the centre with a deflection of not less than 
I in. 

A form of report which is suitable for 
transverse tests is given in Fig. 61. It | 


cast iron to ensure that the pull is axial, as 
this material is greatly weakened by oblique 
or eccentric loading. For accurate testing, 
shackles with spherical scats should lie em¬ 
ployed (see Figs. 33 and 34), the test, 
bar should be cast in one with the work and 
turned to a suitable size, earn being taken to 
avoid rapid changes of unction near the part 
of the specimen under test. 

The size of the bar from which the test 


Transverse tests of Materials carried out on 


Supplied by.'•.for whom the tents were made. 



Deference. 

Tested by Fm. d 

enables the salient points of the results to 
be seen at a glance, and meets all ordinary cases 
on the testing of cast iron. 

Temperature on the Transverse 
Mnngth of Cast Iron.—Cast iron loses very 
little of its strength or toughness up to a 
temperature of 400° C. The follovdng sets of 
experimental results by Meyer * show this 
very clearly. - 

Table 12 

Effect of Temperature ox the Strength 
of Cast Iron 




Date. 


I Temperature. 

I "C. 

Modulus of 
llupture. 
Tons/Sq. In. 

18 

23-5 

I 66 

22-2 

268 

211 

297 

19-9 

• 620 

| 12-1 

807 

[ 7-6 

18 

23-6 

85 

21-9 

loo 

21-3 

370 

21-0 

580 

16-0 

810 

6-2 


Maximum 

Deflection. 

Inches. 

0-31 
0-30 
0-28 
0-30 
0-5 5 
' 0-94 

0-30 

0-28 

0-28 

0-30 

0-57 

0-79 


§ (38) Tensile .Strength of Cast Iron — 
■ • is important when making tensile tests on 

Stahl unci JSiseti 3 xxvi. 1270-71 


piece is taken affoots tho results obtained, 
results ai ' Ser Seotion « ivin e* a « » rule, lower 

t 13 , 14 results recorded, by 

. E. Stead on test pieces prepared from 
bars of various sizes which have been cast in 
different ways. 

Table 1° gives results obtained by Mathews « 
silicon^ UOn ° 0Utammg Vttrious pwemitages of 

rimt,J 0niP To 0n 1)otwoon 1,110 modulus of 
Table IS™ “' 0 8trHn « th 1h «iven in 

§ (39) Ceushino Strength of Cast Iron 
The crashing strength of cast iron is obtained 

the Sn ]l i whi(:h lhp raliu ,lf 

the height to tho least lateral dimension m 

between one and three. 1 18 

The crushing strength is usually about live 

tmaih *»* «».X 

and ve:il y good cast iron should 
MUl “ l '“‘“ 

§ (40) Resistance of Oast Iron to 'Dmiow 
Shear and Ton stow at cw, f , 1 mKtn 
of OApcrtacnte ip 

SssfA** r thamt w 

po7rn °‘»«’ to * ton* 

P 1 mch. Izod, 8 however, by using 

* pZ: S/’S svS R? u ' 2 ’ vt *• 

: a- ?»• %£&£%"& *• m - 

Inst. Mech. Lng. Proc., Jan. ‘ 1900 . 
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more perfect apparatus, has obtained much 
higher figures, and these are confirmed by 
Goodman. The results of these tests, together 
with the figures obtained from gun-metal and 


giving a lower result in shear than in 
tension. 

Fremont is of opinion that the shear test 
gives a very useful indication of the quality 


Table 13 

Tensile Tests on Cast Ikon 
Test pieces 0-798 in. diameter, 0-500 sq. in. area 


Description. 

No. of 

Ultimate 

Stress. 

Average per cent 
Variation from 

Remarks. 


Tons/Sq, In. 

Average. 


Cast on flat in bars 2 :< 1" 

4 

11-2 

1-3 



Cast horizontally (1-187" diameter) 

4 

12-2 

1-8 


All test pieces turned. 

Cast vertically (1|" diameter) 

4 

12-2 

1-8 

) 



Table 14 

Tensile Tests on Oast Ikon 
Test pieces 0-798" diameter, 0-500 sq. in, area 


Description. 

No. of 
Tests. 

Ultimate 
Stress, 
Tons/Sq. In. 

Average per cent 
Variation from 
Average. 

Cast horizontally ns a tost bar (1|" 
diameter) 

}* 

13-9 

0-9 

Cast horizontally (1-187" diameter) 

G 

13-4 

3-2 

Cast vertically (1-187" diameter) . 

G 

13-5 

1-8 


Remarks. 

Tested with skin on. 

Turned to 0-798" diameter. 
'Turned to 0-798" diameter. 


Only test pieces which broke with a sound fracture are included in Tables 111 and 11. 

Table 15 

Comparison cup Modulus or Rupture and Tensile Strength op Cast Iron 


Typo of Test Bar and Authority. 

Modulus of Rupture. 
Tons/Sq, In. 

Ultimate Tensile Stress. 
Tons/Sq. In. 

IS. 

Ratio. 

A/li. 

[ 

21-0 

31-4 

1 -84 

American Standard (Mathews) 

20-3 

10-9 

1-80 


20-2 

11-0 

1-84 

American Standard (Stead) . . j 

23-1 

23-3 

.12-2 

13-5 

1-89 

1-72 

English Standard (Stead) . . j 

10-3 

19-2 

11-2 

13-9 

1-40 

1-38 

German Standard (Stead) , . J 

22-0 

24-0 

12-2 

13-4 

1-80 

1-79 


mild steel, for comparison, are given in 
Table 1(5. 

The point of interest in Table 16 is the fact 
that the shearing strength of oast iron is 
higher than the ultimate tensile strength. 
Goodman says that, with the exception of 
specimens which are defective on account of 
blowholes or sponginess, he has never had a 
single instance of a specimen of oast iron 


of cast iron if the sample tested truly represents 
the material of the casting. Ho has devised 
a special teat for this purpose. 1 A small piece 
of the actual casting, 25 mm. diameters and 
20 mm. long, is detached by a trepanning tool. 
The specimen is placed within a block holding 
a filed blade, and is cut by a movable blade 
which is forced into the specimen by a weight 
1 Fremont, Gomptes Rendus, Doc. 9, 1918. 
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acting on a lever. The force of rupture is 
estimated from the weight and leverage. Since 
the diameter of the hole bored in the casting 
is only about 1J in. diameter the casting 
is not spoiled by this method of procedure. 

Under torsional shear a round bar of cast 
iron invariably fractures along a helix whose 
angle is 45°, that is to say, it occurs where the 
tensile stress is a maximum, and indicates 
that cast iron has a lower resistance to tension 
than to shearing. This conclusion confirms 


(i.) The Effect of Perforation on the Stirnr/th 
of Mild Steel Plates. —In the discussion on 
a paper by W. Hackney before the .Institute 
of Civil Engineers, Stroinoyer 1 describes ex¬ 
periments carried out to determine tile ell'cet 
of perforation on the tensile strength and 
elongation of boiler plates. The forms of test 
bars that he used are given in Fig. (ill, and the 
results are given in Table 17. 

The test pieces are all cut from one piece 
of plate 12 mm. ( t) thick, and the holts are 


Table 10 

Shearing Tests on Cast Iron 




Ultimate 

Ultimate 

Patio. 

F,» 

Calculated 

Material. 


Tensile Stress. 
Fa 

Shear Stress. 
F». 

Coefficient ol 
Torsional 



Tons/Sq. In. 

Tons/Sq. In. 

1 h 

Strength. 
Tons/Sq, In. 

Cast iron A 


9-7 

14-8 

1-52 


„ „ B . 


13-4 

17-4 

Ml 


„ „ C . 


11-3 

13-9 

1.99! 


>, „ . 


13-7 

16-1 

M8 

1 


J 

13-5 

14-8 

M0 


Cast iron . 

10-9 

12-9 

1-18 



l 

11-5 

13-0 

1-13 

10-0 / 

\ 

Gunmetal . 

.1 

| 

12-1 

12-4 

12-5 

174 

1-03 

140 


l 

f 

13-8 

16-0 

146 

21-0 / 

Mild steel . 

26-9 

21-0 

048 


'[ 

23-6 

18-9 

0-81 

•• 


Authority. 


Izod 


Goodman 

Izod 

Goodman 

Izod 

Goodman 


the direct shear results of Izod and Goodman. 
A typical torsion fracture is shown in Fig. 62. 



Fig. 62. 

§ (41) Influence of Form on the Proper¬ 
ties of Materials.— An abrupt change in 
the cross-section of a tensile or transverse test 
bar causes: 

(a) A diminution of the elongation at the 
reduced section due to the shoulders of the 
notch or groove. 

(b) The stress to be highly concentrated at 
the periphery of the groove or notch. 

There are thus two effects—the suppression 

In the materfal causes » 

gain of strength, while the inequality of the 
stress on the section of fracture gives a re¬ 
duction in strength. 

With a brittle material, e.g. cast iron the 

thelffecT ? negligible ’ and “ consequence 
the effect of a groove is to cause a reduction 

of strength. On the contrary, a grooved mild 
steel test piece is stronger than a plain bar of 
the same material, because the suppression of 
the drawing out causes an increase, in strength 
which is greater than the effect due to *eon 
centration of stress at the groove actum in 
the opposite direction. ° 


all 24 mm. (d) diameter. The width (l>) varies 
m (different bars from 7-6 to 54-0 mm. 

(u.) Strength of Screwed Bolls .—The results 
of some tensile tests on four different kinds of 


l - 

l6~ 


_ 

'pi 


_a] 

i>i 


Pig. os, 

in Tlble r i8 dS V\ naC !t by , tho ftuthor ’ **> given 
m I able 18. The threads selected were : 

(1) British Standard Fine. 

2 British Standard Whitworth. 

(3) Sellers Thread. 

(4) U.S.A. 60° Sharp Vee Thread. 

ultimate “talrom^24-0 \T\ 2 -Tu2 per 

square meh. The holts wore | ^ dia- 
1 Pros. Inst. Cii\ Eng., 1884, lxxyi, 142 . 
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meter and were all machined from l|-in. dia¬ 
meter bar. 

From the results in Table IS it is seen that 
for steel up to 40 tons per square inch the 


those screwed with B.S.YV. thread, are weaker 
than the plain bar. 

Martens 1 has carried out similar tests on 
i-in. and 1-in. bolts, using steels of 27*7 


TA HIj i*3 17 

Strungtii oir PuuFon.vnsn Plates 



Dimensions. 

Ratio. 

Blongation per emit. 

Ultimate Stress. 

Form. 



I) 




Kilos per hu. mm. 


Width. 

Thickness. 

(l 

Of Hole, 

In 50 mm. 

In 200 mm. 




b mm. 

t mm. 







A 

85 

' 12 




25J 

44-0 


B 

4(1-8 

12 

1-94 

50 

20 


47-4 j 



81-8 

12 

1-32 

40 

18 


48-0 

-Mean 47-8 


18-0 

12 

0-75 


14 


47-7 



12-5 

12 

0-52 

21 

12 


48-0j 


G 

54-0 

12 

2-25 

54 

28 


40-0') 



44-0 

12 

1-83 

50 

20 


47-0 



84-0 

12 

1-12 

40 

22 


45-8 



284 

12 

1-18 

41' 

22 


45-0 

•Mean 45-7 


28-3 

12 

0-1)7 

37 J 

20 


48-8 



18-0 

12 

0-77 

33J 

10 


45-2 



13-0 

12 

0-54 

25 

14 


45-5 



7-0 

12 

0*32 

»..... 

21 

10 


45* IJ 



Tabivh 18 


Tensile Tests on fl-won: Diam. Sciiiew Bolts 



Material, 

A, 

Material. 

11. 

Material. 

0 . 

Material. 

1 ). 

Tamila Teal on Malarial —- 

Yield stress . 

15-0 

17-0 

23-5 

25*0 

Ultimate strews .... 

24-0 

29-5 

40-3 

52*7 

1'er cent of extension L/ vA«*4 

414) 

39-0 

28-0 

19*0 

British Standard Fine Thread 

(Root diam. ==4)-5335 in.). 

Yield stress. 

17-8 

20-1 

24-7 

20*7 

Ultimate stress .... 

20-3 

33-8 

40-0 

48*0 

British Standard Whitworth 
(Root diam.--0*5080 in.)— 

Yield stress. 

18-0 

20-4 

20-0 

20*0 

Ultimate Stress .... 

27-0 

34-0 

45*9 

54*0 

Sellers Thread 
(Root diam. ===()*5009 in.)— 

Yield stress. 

19-0 

21-0 

25*5 

20*0 

Ultimate stress .... 

20-8 

34-7 

4:4*0 

51*0 

U.S.A. Sharp 00" Voo 'Thread 
(Root diam. =>0*495 in.)— 

Yield stress. 

17-7 

21 *3 

26*5 

26*0 

Ultimate stress .... 

28-2 

35*3 

47*1 

47*1 


jfotc,—(i) Btnm'B are given In tons per square Inch, (2) For tests on threads, the area for calculating 
the straw Is taken as that at the bottom of the thread. 


strength (per square inch of section taken at 
the bottom of the thread) is greater for the 
bolts than for the plain bar, but that for the 
53-ton steel the bolts, with the exception of 


and 23*9 tons per square inch respectively. 
His conclusions are as follows : < , 

(1) Screw threads subjected to plain tension 
1 'MUs, Vareiim Daulsch. Ing., April 27, 1890. 
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are stronger than plain liars of the same net 
cross-sectional area, the excess of strength 
being approximately 14 per cent. 

(2) There is no marked difference in the 
ultimate strength with different forms of 
threads the sharp thread is slightly stronger 
than the others. ° 

('*) Under repeated loads and impact it is 
probable that the sharp vee threads would 
develop cracks quicker than the other forms, 
and that the Whitworth thread would be the 
last to show this weakness, either with repeated 
loads using soft material or static loads with 
high carbon steel. 

The two sets of experiments, by different 
experimenters, described above are in agree¬ 
ment. . It will be seen that Martens’s supposi¬ 
tion with regard to the superiority of the 
■B.8.W. thread with high carbon steels under 
static loads is shown by the author’s testa to 
be correct. 

With regard to Martens’s statement of the 
probable weakness of sharp vee threads under 



Table 19 
Impact Tests ox Screw Threads 
(1 Inch Diameter) 


in the same terms as the static tensile test, 
but always with higher numerical values. 

On the other hand, Lebasteur 3 was unable 
to told tins difference with steel bars. His 
tests gave fractures which were the same in 
appearance m the two cases, and the elonmi- 
tions of similar bars were also nearly identical. 

(ii.) Effect of Variations of Slow Rates of 
Loading. Bauschinger 4 carried out a fairly 
complete set of experiments under slow rates 
ol loading and showed that: 

(1) The effect on the elongation of altering 
the rate of loading varied according to the 
material employed. With cast iron the effect 
was negligible, while with steel, wrought iron 
copper, bronze, and brass it was so slight that 
it was masked by differences in the quality of 
the test bars. For lead and tin there was a 
marked]increase in the extension with time. 

(-) ie ultimate stress was in some eases 
greater when the extension was fast than 
when it was slow. • 

Tests on iron and steel given, by the Com- 


.British standard fine (B.S.F.) . 

Sellers thread (chasing tool) 

Sollors thread (single pointed tool) 
British standard Whitworth thread 
U.S.A. sharp veo thread 


Diameter at Bottom 
of Thread. 
Inches. 

0-872 
0-838 
0-835 
0-840 
0-780 


Et.-ibs. absorbed 
in Fracture. 


2275 

1921 

1888 

2003 

1599 


impact, some tests by the author also confirm 
this conclusion. The tests, of which the results 
are given in Table 19, were made on 1-in, 
bolts and broken by a single blow, the energy 
absorbed in fracture being measured. It will 
be noted from the table that the sharp vee 
bolts are tho weakest of those tested and the 
Butish standard threads the strongest. 

§ (42) Imutenoe ojp Time on Test Results. 
—General experience shows that elongation 
and contraction of area are increased by very 
rapid loading, but that within the ordinary 
limits of time occupied l>y a tensile test to 
fracture, of most materials, the rate of loading 
does not appear to have any effect on these 
results. The results from various experi¬ 
menters, however, are not quite consistent. 

(i.) Effeel of very Rapid Loading.— Maitland 1 
found that steel, broken in impact, gave 74 per¬ 
cent more olongation than the same material 
broken in the static tensile testing machine. 

Blount, Ivirkaldy, and Sankey 2 concluded 
that the impact tensile test gave the ductility 

lxxx'ii Tr i 2 o" lent of Gun Stecl -” Inst Civ ‘ En 0. Proa. 

r a /‘Ji 0 mparison of Methods of Testing Steel” 
Inst. Meeh. Eng. Proa., May 27, 1910. ’ 


Per cent of 
(Energy taken by 
the B.S.E.), 


100 

84 

83 

88 

70 


mission des metliodes d’Essai des Materiaux 0 
show very little difference in tho ultimate 
extension of the ultimate stress whether carried 
out m a few seconds or many minutes. 

Bottomley, 0 however, when experimenting 
with soft iron wire, found that, generally, the 
contraction of area and local contraction were 
less it tho loads were applied more slowly 
His researches included a determination of 

Table 20 


Timo the Load was 
allowed to remain on 
the Wire. 

Maximum 
Load to 
Fracture. 

Elongation. 

Ordinary test in 10 
minutes 

24 hours at 43 lbs. . 
84 hours at 43 lbs. . 

2 months’ gradual 
loading from 40 lbs. | 

Lbs. 

j- 43-5 to 40 

49-25 

51-5 

]• 75-25 

Per cent. 

22 to 17 

15 

14-4 • 


I ( M S p £ nts et oltaussies, 1890. 

6 °F- Ena - Eroc - evil. 434. 

Met/todes cl essai cles matdriaux, 5. 344 

Britmnim. “ Elasticity ^" in tho Encydo V mdia 


3 ®! 


* 
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the effect of time on the breaking load of soft 
iron. wire. He found that the wire, if loaded 
to just below the ordinary breaking load, in¬ 
creased in strength according to tho time the 
wire was under this initial load. 

A summary of the results are given in Tablo 
20 . 

IV. Measuring Instruments for the De¬ 
termination of the Elastic Constants 
of Metals 

In order to obtain information as to the 
elastic constants of materials it is necessary 
to measure deformations while these materials 
are being strained elastically. 

In commercial testing, wlicro a measure of 
the ductility only is required, tho dual amount 
of deformation is all that is necessary. In a 
tensile test with a standard 2-in. gauge 
length and cross-sectional area of 0-25 sq. 
in., the total elongation may bo <>50 in., 
and as this can bo measured by tho aid of 
dividers to the nearest T J- ff in. tho accuracy 
of reading is 2 per cent. 

Using the same size of test piece and gauge 
length, the extension at the elastic limit is of 
the' order of 0-002 in., so that for the samo 
percentage accuracy the measurement must 
be correct to 0-00004 in.; tho smallness 
of this extension can bo realised when it is 
considered that tho thickness of a piece of 
cigarette paper is about 0-001 in. With 
the best types of mirror oxtonso meter, altera¬ 
tions of length can bo accurately measured to 
of this amount, i.e. 0-000004 in. 

§ (43) Extbnsometers. —In any typo of 
strain-measuring apparatus there are certain 
general principles which it is advisable should 
bo fulfilled. 

(i.) If changes in length of tho axis of tho 
test bar are to be determined, measurements 
should be taken on opposite sides of the 
specimen. Unwin 1 has shown that, if this 
condition is not satisfied, initial curvature of 
tho bar will cause serious errors in tho 
results, but “ if tho mean of measurements 
taken at points symmetrically placed on 
either side "of tho liar is adopted, tho error 
duo to curvature is nearly eliminated, the 
lengthening of tho distance of one side 
being compensated by shortening on the 
other.” 

(ii.) The apparatus should be directly at¬ 
tached to the test piece at tho gauge points 
only, and after tho initial sotting it should not 
bo necessary to handle it during tho oourso of 
tho experiment. 

(hi.) The instrument should he as light as 
possible, and designed so as to be rapidly 
attacked to or detached from the test piece 


1 “ Measuring Instruments used in Mechanical 
Testing,” Phil. Mat/., March 1887 ; Phys. Soc. Proc „ 
1887. 


without interfering with the application of tho 
load. It is advisable that, if possible, it should 
be self-contained. 

(iv.) The instrument should bo arranged so 
that its accuracy can bo determined by a 
calibrating device, and the attachment to tho 
test piece should be such that tho’ gauge length 
is callable of determination with sufficient 
accuracy. 

(v.) Tho mechanical or optical details, and 
tho relative positions of all tho parts with 
respect to the axis of tho specimen, should bo 
such that tho “ constant ” of tho instrument 
is tho samo throughout its range, or that any 
errors which are involved are so small as to 
ho of no importance. 

(vi.) Tho zero of tho instrument should lie 
constant for tho samo conditions of tostthus 
if, after straining tho test piece, there is no 
permanent set the instrument should return 
to its initial position. 

Extensions are measured in five different 
ways : 

(i.) With a micrometer screw. 

(ii.) By an indicating dial. 

(iii,) With a microscope. 

(iv.) By a multiplying lover (mechanical 
magnification). 

(v.) By optical magnification. 

With methods (i.), (ii.), and (iii.) the deforma¬ 
tions are ascertained with little or no magnifica¬ 
tion, while with instruments employing methods 
(iv.) and (v.) tho strains are considerably magni¬ 
fied' before the measurements are made. Some 
oxtensomotors use a combination of (iv.) or (v.) 
with (L), (ii-), or (iii-). 

§ (44) Micrometer Screw Extensomuter. 
--Those instruments consist of two clamps 
placed on the test Imr at a distance apart 
which is equal to tho gauge length. Tho 
movement of one clamp relatively to the other, 
as the load is applied, is measured by tho 
reading of one or more micrometer screws 
fixed to one clamp and brought into contact 
with the other. The accuracy of tho instru¬ 
ment depends on: 

(a) Tho uniformity of tho pitch of the 
micromotor screw. 

(It) Tho constancy of the pressure at tho 
point of contact. 

(a) Tho care with which tho micromotor 
screw is operated, because the instrument has 
to be touched by hand many times during tho 
experiment. Care should be observed in order 
to ensure that the couple applied by tho 
fingers is perpendicular to tho axis of the 
screw. 

Micrometer screw oxtonsometera are largely 
used in tho U.S.A. by students, and give 
satisfactory results when used with great care. 
The principal makes of instrument are divided 
into two sections according as to whether they 
have one or two micrometers. 
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§ (45) Double Micrometer Screw In 
struments. (1.) Professor R. H. Thurston's 1 
Extensometer (1875).—This was the first in- 
strument in which two micrometer screws 
were used, one placed on each side of the axis 
of the test piece, and in which electric contact 
was employed in order to eliminate errors due 
to variation of pressure. 

(ii.) Henning's 2 Micrometer Extensometer .— 
This instrument is shown in Fig. 64. Two 
frames A and 33 grip the test piece by two 
steel points h, h and two knife edges c, c. 
The lower frame B carries two micrometers 
m, m, and the upper frame A is provided 
with a pair of plugs g, g which are in line with 
the micrometers. As the distance between 
the frames increases with application of the 
load, the ends of the screws f, / are brought in 
contact with the plugs g, g. The contact is 
indicated by ringing an electric bell by a weak 
electric current, or, owing to the uncertainty 
of bell mechanisms, telephone receivers are 




sometimes substituted. The extension is read 
on vertical scales e, e and the graduations of 
the micrometer heads m, in. 

The instrument registers to one ten- 
thousandth part of an inch, and can be used 
on either round, flat, or square specimens. In 
order to attach the extensometer to the test 
piece, the frames A and B are opened. Bars 
d are used for setting the frames A and B 
at the correct distance apart; they are removed 
while the test is in progress. An instrument 
of this type is supplied by Messrs. Tinius 
Olsen Testing Machine Co., Philadelphia, under 
the name of The Olsen Standard Duplex 
Micrometer extensometer. 

(iii.) The extensometer invented by C. A. 
Marshall, of the Cambria Iron Company, differs 
from Henning’s in three small details. The 
adjusting bars d (Fig. 64) are omitted and 
the knife edges c, c are replaced by a spring 
and roller attachment which, in connection 
with a spirit level, assists in the accuracy of 
the adjustment. The micrometer screws are 

1 Materials of Engineering, ii. 369. 

Trans. Amer. Soc. Mech. Eng., 1885, p. 479. 


1 placed nearer the lower frame than in the 
Henning extensometer. 

(iv.) The Yale, extensometer 3 is a simplifica¬ 
tion °f the Marshall apparatus. The spring 
rollers are omitted and a gauge bar introduced 
to keep the clamps parallel, bring the points 
of measurement opposite, and gauge the 
length. The gauge bars are made of different 
lengths and are removed before beginning to 
strain the specimen. It 
reads to ten-thousandths 
of an inch by micrometer 
screw. 

§ (46) Single Micro¬ 
meter Screw Instru¬ 
ment. Unwin's 4 Screw 
Extensometer. — This in¬ 
strument is shown dia- 
grammatically in Fig. 65. 

The two frames are 
clamped to the test piece 
at points on a plane pass- 
| ing through its axis by sot 
screws a and h. The 
lower frame carries the 
micrometer screw e, on the hardened point of 
which the upper frame rests. Provided that 
the frames are at right angles to the axis, 
the micrometer screw gives the variations in 
the length between the two points of sup¬ 
port on the test piece. To act the frames 
normal to the axis of the test bar, levels c, f 
are attached to them. Level c on the lower 
frame is adjusted by the screw d, while the 
upper frame is set level by means of tho 
micrometer screw e. The 
micrometer screw is thus 
constant, and equal to 
the weight of the upper 
frame. 

§ (47) Single Micro¬ 
meter Screw combined 
with a Multiplying 
Lever. (i.) Garmit's c 
Extensometer. — In this 
instrument (shown dia- 
grammatically in Fig. 66) 
there is a mechanical 
magnification of two, combined with measure¬ 
ment by means of a single micromotor screw. 

I wo pairs of steel plates B and 0 are attached 
to the test piece by screws E, E and pivoted 
together at F. The micrometer M is pivoted 
to the lower plates and carries a spindle II 
which passes through a guide K pivoted to 
the upper plates. The spindle carries a 
hardened pin on its upper end, and when 
the test piece extends, this pin, which forms 
part of an aneroid barometer, moves the 
aneroid needle. Half of the amount which 

J e( l Jl)llnS0ll ’s Materials of Construction, ]I)I8 

• F«.V. 1880 ' v, “- 178 
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the micrometer has to be moved to bring the 
needle to its original position is a measure of 
the extension. 

(ii.) Riehie improved extensomeler, supplied 
by Messrs. Riehie Bros. Testing Machine Co., 
reads the average stretch from two sides of 
the test bar Avith one micrometer screw. The 
arrangement is shown diagrammatioally in 
Fig. 67. The two frames A and B are 
each fixed axially to the test piece by two 
hardened steel - pointed thumb - screws S, S. 
The left-hand rod R is rigidly joined to the 
lower frame B and is pivoted to the upper 
one A. The right-hand rod swings from a 
pivot in the upper frame over the micrometer 
screw in the lower one. The rods are equidis¬ 
tant from the points of attachment to the 
specimen, so that when elongation occurs the 
right-hand swinging rod moves away from the 
micrometer twice the amount of the elongation. 
This extensometer can be used on gauge 
lengths from 2 in. upwards by having sets of 



the instrument. 

(iii.) The Cambridge Extensomeler (Fig. 68). 


—This simple and accurate extensometer is 
made by the Cambridge and Paul Instrument 
Co. Ltd., Cambridge, and is especially designed 
for use as a workshop instrument. It is com- 



Tig. 08. 


posed of two separate frames, each of which is 
attached to the test bar M by hard steel conical 
points PP and P'P' arranged in geometric 
slides so that, after the points are gently 
driven into the punch marks, they can be 
clamped in position by the knurled heads 
R, R. The lower frame carries a micro¬ 
meter screw H and a vertical arm B at 
the top of which is a hardened steel knife 
edge about which the two frames work 
together. The micrometer screw is pro¬ 
vided with a hardened steel point X over 
which a nickel-plated flexible steel tongue 
A, forming a continuation of the upper 
frame, is carried. The tongue and frame 
form a lever magnifying the extensions 
of the test piece by five. 

In use the vibration of the flexible 
tongue takes the place of the electric 
contact, in the instruments previously 
described, as a delicate means of setting 
the micrometer screw. The steel tongue is 
vibrated and the screw turned until the 
point X just touches the hardened knife 
edge of the tongue as it vibrates. Read¬ 
ings can be repeated by this means to 
0-001 mm. under ordinary conditions of 
test. The standard instrument is suitable 
for specimens up to f in. diameter on a 
gauge length of 4 or 2 in. 

§ (48) Indicating Dial Insteumkntb.— 
This typo of instrument consists of one or 
more calibrated dials with pointers on nicely 
mounted spindles. These take the place of 
the micrometer screws in the previous class 
of extonsometers, and aro self-indicating 
for large or small deformations. They aro 
generally used in conjunction with some 
form of lever magnification. 

Messrs. T. Olsen supply a dial extenso¬ 
meter of exactly the same form as Henning’s 
extensometer (§ (45)) except that dials and 
sliding rods replace the micrometer screws. 
The sliding rods are attached to the lower 
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frame in place of the micrometer screws, and 
spindles, carrying drams and pointers, are 
fixed to the upper frame with their axes 
horizontal. These take the place of the plugs 
(h f/ {Fig. 64). The friction of the sliding rods 
against the small drums (1 in. in circumference) 
cause the latter to rotate. This also rotates 
the spindles and pointers round calibrated 
discs. 

§ (49) Dial Extensometers with Mechani¬ 
cal Magnification, (i.) University of Wis¬ 
consin Wirewound Extensometer . 1 —This has 
one dial attached to the upper frame which 
is operated by a wire arranged to transmit 
twice the extension of the tost piece to the 
dial drum. 

(ii.) Hurst-Tomlinson Extensometer {Com¬ 
bined Lever and Dial), Fig, 69.—This instru- 



1’ia. 00. 


merit has been especially designed for use on 
the standard test piece (O'564 in. diameter and 
2 in. gauge length); it can be used, however, on 
specimens up to one inch in diameter. The 
gauge length of 2 in. is not adjustable, but the 
instrument can be attached to specimens of 
greater length than this if required. It is 
provided with two forked levers, A and B, 
fitted at the fork with pointed clamping 
screws which, when tightened on to the test 
piece, form the pivots of the levers. 

The dial indicator 0 is attached to one end 
Oi the upper lever, and the other end, beyond 
the test piece, has a stout vertical lug D ex¬ 
tending downwards from one extremity of the 
fork nearly to the level of the lower lever. 
Here the lug bends inwards, and one arm E 
of the fork of the lower lever extends inwards 
in the same way. 

The two levers are connected by a short 
p 8:f eG ^°k nson ’ 3 ^Meriuls of Construction, 1918, 


length of piano wire which lies in the central 
vertical plane of the two levers. 

This forms an elastic binge, so that as the 
test piece stretches the free ends of the lovers 
open away from one another. 

This method of connecting tho lovers also 
permits the test piece to straighten out 
slightly under the load, if originally slightly 
bent, without straining the extonsometer. 

The lower lever is shorter than the upper one, 
and it carries at the free end a short vertical 
screw E with a large milled head. 

The end of the screw is rounded and polished, 
and bears on tho end of the shorter arm of a 
third lever (1 which is attached by a short 
length of flexible steel ribbon to a bracket 
which is screwed and do welled to tho upper 
main lever. 

Tho end of the longer arm of this third lever 
bears upwards on tho end of tho plunger of the 
dial indicator'. 

The system of levers is proportioned so that 
the movement transmitted to the indicator is 
ten times the extension of the test piece. 

By turning the milled, head of tho screw F 
the dial indicator can be brought to zero before 
the load is applied; a light spring maintains 
the end of the small lever in contact with the 
point of tho screw. While tire oxfenso motor is 
being attached it is necessary for tho two main 
levers to be rigidly looked, with the axis of the 
clamping points parallel and at a distance of 
2 in. apart. 

This is accomplished by inserting two 
locking pins, one of which constrains the axes 
to be parallel while tho other fixes the distance 
between them. 

The first pin is placed in tho samo horizontal 
piano as the wire hinge, and its axis intercepts 
the centre of tho wire so that tho insertion of 
this pin loaves the lovers only one degree of 
freedom. 

The second pin correctly fixes the relative 
positions of the two levers. 

In order to ensure that the damping points 
shall grip the test piece along a diameter and 
not along a shorter chord, two screws arc 
placed in the forked part of each lever inclined 
at about 45°. 

The axis of these screws intercept the axis 
of the test piece and tho ends are rounded to 
bear at points on the test piece. 

The usual diameter of the reduced part of 
the test piece is 0*584 in., which'gives u cross- 
sectional area of 0-25 sq. in.., and tho length 
of tho screws is such that when just tight tho 
ends are 0-282 in. away from the vertical 
plane through the clamping points. 

. ^ attaching the extensometer it is 
simply held up against the test piece hearing 
on the ends of thefour screws, and the clamping 
screws are tightened and the points pierce the 
test piece along two diameters. The extenso- 
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cables. Microscope 
is while microscope 
itted with a micro¬ 
eyepiece. Both in¬ 
ants are attached 
car C which can be 
l vertically by the 
D. Both microscopes 
cussed on scratches 
e test piece and tho 
applied. By means 
3 screw D the cross 
rf the top microscope 
lade to coincide again 



he top scratch, while 
djustablo cross wire 
ived in tho second 
scope to the now 
on of tho bottom 
of tins cross wire in 
>• fivoniece aives the 















































162 


ELASTIC CONSTANTS 


the microscope. The screw (L, Fig. 72) serves 
to bring the sighted mark to a convenient 
point on the micrometer scale and also 
determines the scale readings which can be 
estimated to 0-00002 in. A clamping bar is 
added by which the clips B and C are held at 
the correct distance when fixing them on the 
test piece. This extensometer is made by 
Messrs. The Cambridge & Paul Instrument 
Company for gauge lengths of 2 and 8 in. and 
10 and 20 centimetres. 

An apparatus for marking off the gauge 



Fio. 72 a. 

points {Fig. 72a) is supplied with the instru¬ 
ment. 

§ (52) Multiplying Lever Extensometers. 
—(i.) Kennedy 1 designed a simple lever (lever¬ 
age 100 to 1) extensometer clipped to the test 
bar at two points. 

Martens’s 2 lever extensometer is a modifica¬ 
tion of the Kennedy instrument, and is 
arranged to take simultaneous readings on 
two opposite sides of the specimen. It is 
shown diagrammatically in Fig. 73, and 
consists of two clips D, D carrying the 
graduated scales C, C, and held on opposite 
sides of the specimen by a spring S. Diamond¬ 
shaped pieces A, A, to which the arms B, B 
are attached, are pivoted in shallow seats 
formed in the clips D, D. With a magnifica¬ 
tion of fifty, readings can easily be made to 
0-002 mm. 

(ii.) Kennedy"s 3 horizontal extensometer is 
gripped on the bar at four points in an axial 
plane and consists of two frames, one fixed to 
each gauge mark, which rest on each other 
over the points of attachment to the test bar. 
A light pointer is provided with two steel 
points,, one resting on each frame. When the 
test bar elongates the two points move 
relatively to each other in an axial direction, 
and this movement is magnified by the end 
of the pointer which travels over a scale 
carried by a rod attached to one of the 
frames. 

Other instruments of this type have been 
designed by Stromeyer, 4 Goodman, 6 Wick- 


3 Froc. lxxiv., also Ixxxviii. 24. 

, Handbook of Testing, i. 546. 

* Engineering, Sept, 12, 1890. 
ox -b aml Architects, Trans., 1886, p. 33. “ 
Strain Indicator for Use at Sea.” ’ 

Engineering, Sept. 1 ], 1896. 


steed, 8 Ashcroft, 7 Col. W. M. Paine,* 1 and 
Dupuy. 9 

§ (53) Optical Magnifying Extensometer. 
—Eor greater accuracy than 0*00002 in. in 
measuring deformations some form of optical 
lever is generally employed in which the 
change of length of the test piece is converted 
into rotary motion of a mirror which is observed 
by means of a telescope and scale. Some 
extensometers employ two mirrors in which 
readings are obtained from opposite sides of 
the test bar, while in others the mean extension 



is measured by the reading from a single 
mirror. 

(i.) Two Mirror Apparatus, BattscMnger't) 
Instrument . 10 —The introduction of mirror ex¬ 
tensometers is principally due to .Bauschingnr, 
who designed the instrument shown in Fig. 74. 


\ Irist. Mech. Eng. Proc., 1904, p. 485. 
rrl? iscus ™ n , 2? Unwiu’H paper mi ‘‘Tensile 
Tests on Mild Steel,” Inst. Gw. Eng. Proc. xlv 


“ Martens’s Handbook of Testing, p. 545. 

3g] Annates des Fonts et Chaussdes, 5th series, xlv. 


- Moscmne mm Prilfen der FastigMt dcr 
Matenahen constnnrt von Ludwig Werder, und 
Instnmente zum Messen der GestallBiwkncUruni/ der 
Probelcurper, construirt von Jon. Bauschinger, Mttnchon, 





ELASTIC CONSTANTS 


163 


Two clips, a, a and b, b, are pressed against 
the specimen : c, c are light springs which 
press outwards against the rollers d, d. These 
rollers, which are of caoutchouc, are carried 



/V" ' " ’ J?IG. 74. 
J \ 


by the clip b, b, and themselves carry the 
mirrors g, g. As the specimen extends the 
rollers rotate, and these rotations are measured 
by means of the telescopes E, E and scales 
f, /. The results are recorded to 0-0001 mm. 

’ (ii.) Martens's Mirror Extensometer .—'This is 
an improvement of Bausehinger’s instrument 
and is shown in Fig. 75. It is extremely 
accurate and sensitive and is most adaptable. 
In this arrangement the multiplying levers of 
Martens’s lever extensometer (Fig. 73) are 
replaced by small mirrors (m, m, Fig. 75) 
which are attached to the rhombic-shaped 
pieces of steel acting as fulcra, in such a way 
that the reflecting surface of each mirror is 
on the axis of the fulcrum. The two clips 
d, d are held on opposite sides of the specimen 
by a spring s which rests in grooves c, c. 
Each clip is pointed at one end which is gripped 
directly on the test bar, while the other end 
has the rhombic piece interposed between it 
and the bar. The mirror is mounted in a 
frame by means of pivots centred in small 


holes drilled in the glass. In order to adjust 
the position of the mirror the frame is free 




to revolve on the axis of the rhomb. An 
adjusting screw b and spring p aro placed 
on opposite sides of the mirror to control its 
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position about an axis at right angles to that 
of the rhomb. 

A pointer Q is attached to the rhomb and 
arranged so that, when it coincides with a 


Cross Wire 



Slit for Reflection ^MM^ ^Slit for Reflection 
from Left Hand Mirror I from Right Hand Mirror 


Pig. 77. 

mark- on the clip d, the instrument is set at 
the proper gauge length. 

Extension of the test piece rotates the 
rhombs, and the angular rotation is measured 
by a scale and telescopes as described for 
Bauschinger’s extensometer. Two readings 
are necessary, one for each rhomb, and two 
telescopes are usually employed. 

At the N.P.L. a “ one telescope ” arrange¬ 
ment has been in use for some years with 
complete success. This is shown diagram- 
matically in Fig. 76. 

The telescope T is attached to a support 
S. Immediately under the telescope, and 
attached to the same support, is a platform 
P whose height from the ground can be 
quickly _ adjusted. It can be 
locked in any position by a 
knurled-headed screw A. The 
telescope arrangement is kept 
in contact with the platform by 
means of a spring B, and their 
relative position in a horizontal 
plane^ can be accurately adjusted by means of 
the pivoted nut and screw 0. 

The platform carries an illuminated scale 
D, ^two fixed mirrors M x and M 2 , and two 
mirrors N* and N a pivoted vertically so that 
their position can be altered by means of the 
screw and spring E. ' 

The illuminated scale is re¬ 
flected from one of the “ Martens ” 
rotating mirrors on to the pivoted 
mirror N x , and the angle of this 
is adjusted to bring the reflec¬ 
tion into the telescope by means 
of the fixed mirror M x . The 
other “Martens” mirror is made to reflect 
the illuminated scale on to the pivoted 
mmror N 2 , and this is adjusted to bring the 
reflection into the same telescope. The 
difference between the lengths of the two rays 
is so small that the telescope can, at the same 
tune, focus the scales reflected by each of the 
Martens rotating mirrors. The mirrors reflect 
ghosts, and these are cut out by inserting 


a mask (Fig. 77) in tho eyepiece of the 
telescope, and by having adjustable brass 
shades (R, Fig. 76) fixed in between the 
mirrors on the platform and tho extensometer. 

The mirrors used must bo absolutely flat, 
and great care should be taken to see that 
they are not distorted when they are damped 
in position. 

A curved scale should bo used, but readings 
can be taken on a straight scale and a 
correction applied. The illuminated scale is 
graduated in millimetres and readings of the 
scale can be estimated to (Kl nun. 

If Z=the width of tho rhombs, 

L=distance from the scale to tho axis of 
the test piece, 

x = extension of tho test piece, 

X=sum of tho readings from the two 
Martens mirrors. 
a*/X=Z/4L. 

Usual values of l and L arc 0T80 in. and 
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Pig. 78, 

45-0 in. respectively. If X is measured in 
millimetres we have 

ZxX 0T8 xX 

4 x L—45 A 4~ = °' 001 x X millimetres. 
By providing suitable clips this oxtonso- 
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meter can be used on gauge lengths from one 
inch upwards and with test pieces from 0-03 
to 08 in. diameter. 

An instrument using Martens’s method but 
of slightly different design to that shown in 
Fig. 7(3 is supplied by Messrs. Alfred J. Amsler 
& Co., Sehaffhausen. 

(iii.) Weslinghouse Wire Testing Extansometer. 
—This instrument, designed by Lynch & Brace 1 
for extensometer tests on small sections such 
as wire, ribbon, etc., is shown in Fig. 78. It 
consists of two clips A t and A a , fastened at 
one end to a slotted block B, while the free 



ends carry hardened rollers, and G a , which 
can turn in pivot bearings. 

One end of the instrument is clamped to 
the test piece between the spring G and the 
block B, and the rollers Q t and C 2 are sprung 
apart to take tho test piece at the other end. 
Plano mirrors are attached to the rollers, 
which are arranged so that a spot of light 
from a lamp I) is refloated from the mirror 
Pi to mirror O a , and thence to the curved 
scale F. 

With this oxtensometer increases of length 


of 0-00002 in. can bo measured. 

(iv.) Single Mirror Apparatus. Morrow's Ex- 
UmaomeierA —'This instrument is a combination 
of Ewing's lover arrangement for making the 
oxtensometer indicate the mean strain, with 
a mirror method of measuring that strain. 

1 “ Wire Testing Extensometer,” Proc. Amcr. Soc. 


It is shown diagrammatically in Fig. 79. 
The attachment to the test piece T is by 
fonr set screws AA and BB. AA serves 
as a fulcrum for the top annular ring C, and 
when the test piece extends, the movement 
between C and F (which is an extension of 
the bottom ring D) is approximately twice 
the extension. So far the principle is the 
same as that of the Ewing extensometer, 
but whereas Ewing measures this extension 
by a micrometer microscope. Morrow uses a 
“ Martens ” rhomb H to which a mirror N 
is attached in a vertical position. 

A second mirror M is permanently fixed 
to F. The images of the scale from both 
mirrors are seen side by side in the telescope. 
An index mark is taken on the image of M 
for reading the movement of N. By this 
means allowance is made for any movement 
of the test piece and extensometer, as a whole, 
relative to the position of the telescope. 

With the instrument as used by Morrow the 
extension of the specimen is obtained to the 
nearest Tprcfrunru' of an inch. 

Other single mirror extensometera have 



been designed by Unwin, 3 Martens, 4 and 
Hartig. 5 

§ (54) Compressometers. — Most instru¬ 
ments used for tensile experiments can also 
be used as compressometers provided that 
the test piece is of sufficient length to take 
them. It is, however, often necessary to 
modify the method of attachment. The 
conditions applicable to the use of extenso¬ 
meters (§ (43)) apply, with just as much force, 
to compressometers. 

The Yale extensometer (§ (45)), using double 
micrometer screws, and the Wisconsin (§ (49)) 
dial extensometer are both used in the U.S.A. 
for compression tests by a suitable modification 
of the clamps. 

Ewing’s compressometer for short blocks 
(Fig. 80) is on the same principle as that 
used for tension tests. The mechanical 
multiplication is, however, increased to five 
times, enabling readings of i -ra V uu °f 4111 bach 
to he obtained. 

Martens’s mirror arrangement (Fig. 75) has 
been used by the author as a compresso¬ 
meter on diameters up to 4-|- in. by providing 
additional springs S to hold the clips on to 
the larger size of test piece. 

Unwin 6 has designed an instrument for 
i short blocks combining lever and microscope. 


3 

4 

5 
a 


MS. Son. Proc., 1886, vfii. 178 
mdboolc of Testing , part i._ p. 590. 
vilingenieur, 1893, part vi. ,,, 

sting Materials of Construction, 1910, p. nil. 
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This instrument is shown diagrammatically 
ln . Flc J- 8L The lever L lf having a knife 
ec ge resting on the pillar P, gives a mechanical 
magnification of 2£. The frame L, is fixed 
to the specimen by four screws, and both 
rame L a and lover L :[ carry silver plates 
on their ends having a fine scratch on each, 
■the distance between these scratches is 


.Micrometer 

/Microscope 



Silver Plates each engraved 
with a fine scratch 

I L 1 Knife Edge" 


measured by the micrometer microscope M. 
Alterations of this distance with load give 
the compressive strain as the mean of that on 
the two sides of the block, 

§ (55) Torsional Strain Indicators. —For 
measuring elastic deformations in torsion, in 
order to determine the coefficient, of rigidity, 
accurate observations are necessary. All 
instruments for this purpose should be 
independently fixed on the bar with a definite 
gauge length. 

Where a high degree of accuracy is not 
essential, a convenient and simple method is 
to clamp two long pointers on to the specimen 



7 tIle ? ernie * and for any change of length of tli <' 
' specimen during test. 

! (“•) Coker's Torquemeter* — The torsion aT 

l strain is measured by this indicator on a 

I Cn ® 108 ^ one end of the speed- 

men a graduated circular plate is attached 
r n • 10 gauge mark by three set screws*, 
--lis p ate caiiics an arm and venue * 1 * 
which can bo 
moved round it 9 
Testing Machine and to which in 
| / p,aten attached a frame's 

# with f* the ° 1 t]l01 * 

i—L I j 2 screws gauge mark a. 

I I j chuck, also fixed 

—|— b y throe sot; 

screws, supports* 
with an arm having a. 

4 screws micrometer mi- 

I rjti® 

Plata *? 11 Tills 

. microscopo sights 

fiume th<3 ° r0SS Wir6 ° f th0 VOmior l ,Iato 

When the torque is applied to the test piece 
the cross wire moves relatively to the micro¬ 
nic!?’ TV* 10 ? mount of this movement is 
neasured by the micrometer eyepiece to 
about one second of arc. When the strain 
has exceeded the range of the eyepiece the 
cross wire can he readjusted to zero by moving 
the cross-wire arm round the circular plate by 
means of a tangent screw. 

. Unwin's Torsion Micrometer. 3 —This 
instrument acts on the same principle as that 
designed by Coker. There are, however, 0110 


"Fixed with 
2 screws 


1 

Testing Machine 
Platen 


Minors 1 


at a given distance apart and observe „ 
their movement over a fixed scale. The C 
difference between the readings is a 
measure of the torsional strain. 

. (v) For(e >’^ Torsion Indicator. 1 —In this 
indicator the long pointers of the above 
instrument are replaced by two rings clamped 
to the test piece at a gauge length of 3 in. by 
three sot screws. One clamped ring is 
graduated m degroos and carries on it a 
concentric ring engraved with a vernier 

t0 flV ° ? e ;° IK,S ° f angl °- Tlle ^»mier 
ling is supported on ball bearings and is 

elanmcrl 1 ^ a ™ flX0(1 to the aeoond 
clamped ring. Provision is made for setting 

1 Amer. See. Test. Mat. x. 578, 


A w Test 
* 2 Y Piece 


or two slight differences in detail. With 
Unwin s method the microscopo, attached 
to a projection from one clip, sights on to a 
finely divided scale on the other clip at a 
gauge length of 5 in. The micrometer eye¬ 
piece reads to 0-005 degree. 

(iv.) Mirror Torquemeter.—The method em¬ 
ployed at the N.P.L. 4 is shown in Fig. 82, and 
consists of two small clips, A x and A 2 , each 

a m 0 K'-® oa ‘i, Fdinpiirgh Trans, xl, partii. p. 203 
Testing Materials of Construction, 1910, p 232 

P.183? ’ ' Me ° h - Eng ‘ March 1017 
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fastened to the test piece by three pointed set neutral axis of the beam. This requirement 
screws C. Attached to these clips are the is not fulfilled by the lever deflectometer. 
adjustable mirrors B t and B a of a Martens (2) The mean deflection should be obtained, 
mirror extensometer. The mirrors are The apparatus should either provide for taking 
arranged, on a gauge length of four inches, so readings on both sides of the test piece or 
that they are in the vertical plane passing automatically give the mean deflection. This 



Fig. 83. 


through the axis of the test piece. The 
method of measuring the movement of the 
two mirrors by the use of a single telescope 
has already been described (§ (53)). The 
difference between the readings from each 
mirror at small inurements of the torque give, 
when multiplied by a constant depending on ( 
the scale distance, the angle of twist 
for that increment on a length of four j 
inches. pi 

§ (56) Depluotometebs.— These in- 
Htrumonts are used to measure the 4b 

amount of bonding of beams, etc., dur- 
ing a transverse test. (o 

Commercially a multiplying lever { 

deflootomotor (Fig. (SO) is generally 
employed or a strained-wire arrange¬ 
ment maybe used whore large deflec¬ 
tions are to bo measured. This is 
shown in Fig. 83. A fine wire W is 
strained between two pins fixed on the — 
neutral axis of the beam above the 
supports and kept taut by a. rubber 
band E. This forms a datum lino. A 
polished scale S is graduated either 
in mm. or inches and suspended from 
the neutral axis at the centre of the 
beam. The observer brings his eye to such 
a position that the wire and its image in the 
polished scale coincide, and ho then reads the 
position of the wire on the scale. 

For most work an aocuraoy of 0-001 in. is 
usually sufficient. 

The methods described above do not fulfil 
some of the essential conditions for accuracy, 

which are: ■ . 

(1) The apparatus should be designed to 
give the relative deflections of points in the 


condition is not accomplished by the strained- 
wire arrangement. 

§ (57) Apparatus for measuring Lateral 
Strains, (i.) Coker's Lateral Strain-measuring 
Apparatus . 1 —-This instrument is shown dia- 
grammatieally in Fig. 84 and consists of two 
tubular arms A x and A 2 connected by a 


At J 



flexible steel plate B which forms the fulcrum. 
The steel plate is gripped by two collars OC, 
one of which carries an adjustable screw L, 
which bears on the test piece and keeps the 
instrument from turning. The arms are 
attached to the test piece T by two screws 
DD, the pressure on which is provided by the 
compression of a spiral spring S on the 
opposite side of the fulcrum. 

The arm A, has a projection H, the end 
I 1 Rov. Soc. Edinburgh Trans, xxv. part i. p. 452. 
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of which is opposite to the arm A x and is 
arranged to spring towards it, gripping: a 
knife edge J. 

.Any change in the diameter of the test 
piece causes a relative movement between the 
end of the arm A x and the projection H of 
the arm A a . This movement rotates the knif e 
edge J, to which a mirror K is attached. 
The rotation of this mirror is observed by a 
telescope and seale and gives a measure of the 
alteration in the diameter of the test piece. 


C 



The scale distance is arranged so that each 
scale division represents 0-000001 in. 

(ii.) Morrow's Instrument for measuring the 
Lateral Contraction of Tie Bars .—This instru¬ 
ment, 1 shown diagrammatically in Big. 85, 
also uses optical means of measuring the 
relative displacement of two arms. 

Two arms KK and LL are pivoted at P 
and two screws A and R grip the test piece T 
and are pressed inwards by stiff springs C. 
Alteration in the diameter of the test piece 
causes arm K to fall relatively to the arm L. 
This rolative motion is measured by the tilt 


of obtaining the constants of extensonieters, 
compressometers, etc., are : 

(1) By measurement of the leverage of the 
instrument. In some types of apparatus this 
can be carried out successfully. With the 
Martens mirror extensometer the constant 
depends on the width of the rhombs and the 
scale distance. The former can be determined 
by an accurate measuring machine, and the 
latter is usually adjusted by setting the scale 
distance from the test piece by means of a 
gauge of known length. 

(2) By test on a steel test piece 'Whoso 
elastic constants have been accurately deter¬ 
mined. The test piece is gripped in the 
testing machine in such a way that the stress 
is distributed in the proper manner and 
readings of the apparatus which is to he 
calibrated taken at definite increments of the 
load. These readings are then compared with 
those calculated from the known elastic con¬ 
stants. If possible, a standardised apparatus is 
attached to the test piece at the same time 
as the one whose constants are unknown and 
a direct comparison made. 

(3) By a calibrating instrument. An instru¬ 
ment used by the author is shown in Fig. 80 
and consists of a stand D carrying two 
arms E x and E a . These arms are movable 
along a feather on the stand so that their 
position can be adjusted. They are bored 
accurately in line to take two rods A and B. 



of .a mirror M which is supported on three 
Points, two of which rest on arm L and one 
on arm K. A vertical mirror, not shown, 
is . also fixed to L at the side of the tilting 
mirror M and serves as an index for that 
mirror, thus eliminating any errors due to the 
instrument moving relatively to the observing 
telescope. The instrument is balanced bv a 
weight W. . 

§ (58) Calibration' or Deformation - 
measuring Apparatus.—T he usual methods 
1 Morrow, Phil. Mag., 1903, vi. 4 X 7 . 


B is fixed, but A can be moved up 
and down by a micrometer head C. A 
also works aiong a feather which prevents 
rotation. 

The apparatus to be calibrated is attached 
to A and B and its readings compared with 
the movement of the micrometer head. The 
pitch of the micrometer screw is 0-025 in. 
and the head is divided into 25 parts so that 
one division of the head (about A- in. long) 
corresponds to a movement of 0-001~in. 

It is essential that the desired reading 
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should always he approached in the same direc¬ 
tion in order to eliminate any backlash in 
the screw. As the accuracy of the calibration 
depends upon the accuracy of the screw, this 
has been determined on a screw-measuring 
machine and a correction curve obtained 
for it. 

§ (59) Autographic Recording Apparatus. 

_The deformation co-ordinate of the curve is 

always recorded directly from the test piece 
itself, usually with some form of multiplication. 
The main difference in the various types of 
recorders is in the method of obtaining the 
load co-ordinate. There are two principal ways 
in which this is done : 

(i.) Load recorded by the movement of the 
counterpoise with or without automatic 
adjustment. 

(ii.) Load co - ordinate obtained by the 
deformation of a calibrated spring. 

The early diagramming apparatuses wore 
applied to pendulum machines. Thurston, in 
1876, designed the torsion test apparatus 
described in § (10), and, in 1877, Abbott con¬ 
structed a recorder adapted to a machine in 
which the pull from a hydraulic press is 
transmitted through the test piece to a pen- 
dulum, the angular rise of which gives a 
measure of the load. An improved apparatus 
of the same kind was used by Pohlmeyer in 
1882, and more recently by the N.P.L. for 
tests of copper and bronze wires fully described 
in the British Engineering Standards Asso¬ 
ciation Report, No. 55. 

§ (60) Autographic Apparatus, record¬ 
ing Position op Counterpoise. — In 
machines having a moving counterpoise the 
load co-ordinate is obtained from the posi¬ 
tion of the counterpoise on the beam by 
moving a drum or pencil, by suitable pulleys 
or gearing, from the shaft or screw which 
drives the counterpoise. The beam is usually 
kept floating by moving the poise by hand 
adjustment. By this means, however, the 
reduction of load at the yield point cannot be 
obtained and the final reduction, when the 
test piece is stretching locally, is only imper¬ 
fectly reproduced. 

RieMa Autographic and Automatic Ap¬ 
paratus .— In some American machines an 
autographic apparatus is provided having an 
automatic weighing device. This device is 
designed to move the poise on the beam auto¬ 
matically to balance the load on the specimen. 

■ In the Riehlo machine the scale beam on 
rising or falling completes an electric circuit 
at the top or bottom stop in the beam stand. 
Each circuit is separate and connected to a 
magnet. 

The driving pulley of the machine turns a 
horizontal shaft which has a cast-iron disc 
on its end. This disc in turn drives one of 
two fibre wheels located equidistant on either 


side of the centre of the disc. Each fibre 
wheel has an armature controlled by one of 
the magnets of the electric circuits mentioned 
above. Thus when the beam rises and com¬ 
pletes the top circuit, one of the magnets 
attracts its armature, causing one of the fibre 
wheels to engage with the cast-iron disc and 
drive the poise along the beam and so balance 
the load. When tlxe beam drops and hits the 
lower contact, the armature of the other fibre 
wheel is attracted by its magnet, which brings 
this fibre wheel on to the east-iron disc and 
drives the poise in the opposite direction. 

The screw which drives the poise also, 
through gearing, drives the recording pencil 
axially along the drum, so that the reading 
of the load, which is recorded, corresponds 
directly to the load weighed. 

The other ordinate is obtained by the drum 
revolving proportionally to the deformation. 

“ Fingers ” rest on top of U clamps fastened 
to the specimen by hardened steel-pointed set 
screws at the correct gauge distance. The 
lower “ finger ” moves downwards as the test 
piece extends and by means of a rack and 
pinion converts this motion into a rotary one 
revolving the drum through mitre wheels. 
The actual extension is magnified live times. 
The fingers are so arranged with clamps on 
telescopic tubing that only the extension 
between the U clamps is recorded on the 
diagram. 

§ (61) Autographic Apparatus using a 
Calibrated Spring.—( i.) This method is used 
in two Wiclcsteed recorders. In the earlier 
apparatus 1 the measurement of the stress is 
entirely independent of the position of the poise 
on the beam, but is taken as being proportional 
to the compression of a helical spring acted upon 
by an auxiliary plunger operated by hydraulic 
pressure from the straining cylinder of the 
testing machine. As the load is applied by the 
straining cylinder it is balanced by running 
tho poise along the beam, and the hydraulic 
pressure in both the straining cylinder and 
the auxiliary cylinder increases. The auxiliary 
plunger therefore compresses the spring, arid 
the amount of the movement of the spring is 
recorded by a pencil on the recording paper 
in a direction parallel to tho axis of tho drum. 
The drum is also given a rotation. propor¬ 
tional to the extension of the test piece and 
an automatic diagram is thus drawn. 

The auxiliary plunger is rotated during tho 
test in order to eliminate the friction as far as 
possible. The yield and maximum loads are 
noted from the position of the counterpoise, 
in order to fix the load scale of the diagram. 

(ii.) The Buckton Wiclcsteed Patent Spring 
Balanced Recorder is entirely automatic, the 
variations in the resistance of the specimen 
are accurately recorded. The action of 
1 Wiclcsteed, Inst. Mech. Bng. Proc., 1886, p. 27. 
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«ie reorder IS shown diagrammatically in 

, g ' u h1 ' . ~, lie counterpoise W is placed 
at the end of its travel, thus extending the 
pnng S. . As the load W is applied to 
the test piece an equivalent load is released 
from the spring S, which therefore contracts. 

. amount of this reduction in length 
is proportional to the load on the test piece 
and is registered on the recording drum R 
A, “?“ 3 of ? “”i 0 P«*>g over fixed 

™,eTr. P }.i 1 P * nnd iu -“' ll >' ,j to tile 
pencil D of the apparatus. 

The load is thus recorded axially, and the 
drum is rotated by the movement of the lower | 


Attached to Beam 
Support 


Testing Machine Beam 



Chain which 
rotates Drum < R) , 
as test piece extends j ppj 'w 


pidhng head relatively to that of the upper 
shackle to give the deformation co-ordinate. 
As the deformation is not communicated from 

in wif? 8e u gth °- f the t6St piece >includes 
+ in the S n P s a nd cannot be taken 
as the extension of the specimen. 

. Moore's Autographic Recorder 1 is very 
similar^ action to the Wicksteed spring J. 

. f eSGnbeC !’ tho onl .y difference being 

tl afc the spring is placed on the other side of 
the principal knife edge so that when the poise 
“ run out the spring is compressed. As the 

load is ai: ? , t0 , the Specilllen an equivalent 

iatl Tnnn as r, - m tlle spring ’ Which elon " 

gates until equilibrium is established. Moore 
used a steam-engine indicator; the spring of 
the indicator is attached to the beam of the 
testing machine to give the load co-ordinate, 
and the cord of the indicator is attached to 
the test piece to record the extension. 

(lvd Kennedy-Ashcroft Recorder 2 f Fig „ 88). 
•lull details of this recorder are given in 
Kennedy s paper to the Institution of Civil 
Engineers, and the following description of the 
principle of the apparatus is also taken from 
that paper: 

“ The test piece ‘ a ’ is placed in the machine 

1 Proc. Amer. Soc. Test, Mat, 1908 vilf 
4 Inst. Civ. Eng, Proc., 1886-87; p 31 


in series with a stronger bar £ B,’ called a 
spring-piece, and the two, which are connected 
directly by a simple coupling, are pulled 
simultaneously, the one through the other 
The spring-piece is of a material such that its 
limit of elasticity occurs only at a load greater 
than that which will break the test piece. It 
must also be of 
material ascer- 
\ tained by previous 
Post experiment to he 
perfectly elastic, 
so that its exten¬ 
sion is strictly 
proportional to 
the pull on it, and 
therefore to tho 
pull on the test- 
bar. By a simple 
arrangement a 
very light pointer 
1 c ’ is made to 
. swing about an 
axis through an 
angle proportion¬ 
ate to the exten¬ 
sion of the spring- 
piece, and propor¬ 
tional therefore to 
the pull on the 
test-bar. The end 
of this pointer in 
87. — 1~ its motion always 

of smnT-nri i £ 7 * touches a sheet 

oi smoked glass df to which is given a 

* aX pie B; ? d “ thiB w 

of diffprflnrioi i .\ B y m arrangement 

motion of + hV e T erS ? 13 asaured that the 
motion of the glass depends solely on the 

SiTi on ,„ irr tl,e marM =» 

i, ’that no amount of extension of 

the coupling, m the ends of the test piece or 

•* th ° *•*»*». cL 

that S’ i‘? "P 1 ”?'' 1 '*™ « '*<> «» arranged 
that the absolute elongation of the spring- 





Fig. 88. 


motion of 

(v.) Daily's Optical Recorder: 3 —-This ap¬ 
paratus is shown diagrammatically in Fin. 89 

in tha 3 t ri lla i t 0 u the Kennedy-Ashcroft recorder 
in that the load is obtained from the extensions 

or a oar acting as a very stiff serin a 
whereas Kennedy uses mechanical means ' of 
increasing and transferring these extensions 

IxxxvIa.^' Pr0C -' 1912 ’ lxxxvi 'A, and 1913, 
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to the diagram, Dalby adopts an optical 
method and thus obviates the possibility of 
inertia errors. 

The spring-piece W, seen in Fig. 90, is 
hollow and is connected at its upper end to 
the shackle A of the testing machine. A 



projection through the shackle is mounted in 
a light-tight box B. The ray from a point of 
light Z is reflected by a fixed mirror Q on 
to a concave mirror M, which again reflects 
it on to a third mirror N and thence to a 
photographic plate at E, where it is accurately 
focussed. 

The mirror M is supported on throe points; 
two of these, about which the mirror can tilt', 
arc in contact with the hollow spring-bar, 
while the third rests on a cup on the top of 
the central rod T, Any stretch of the spring- 
bar W will cause it to move relatively to the 
central rod T and thus tilt the mirror M. 
This tilt will cause the point If to movo 
horizontally across the photographic plate, 
a distance of 340 times the stretch of the bar. 

The mirror N is rotated by the linkwork 
6 , L, V, U proportionally to the stretch of 
the test piece between the gauge length gf, 
and this movement displaces the point “F” 
vertically up and down on the photographic 
plate. The point of light therefore traces on 
the plate a stress-strain diagram of the test 


made. After development the relation be¬ 
tween load and extension can be measured 
from the plate with great accuracy. 

V. Determination of the Elastic 
Constants 

The complete load - extension diagram is 
drawn by means of some form of autographic 
diagram apparatus, but for the accurate deter¬ 
mination of the elastic limit and modulus of 
elasticity it is necessary to determine with 
extreme accuracy the deformations produced 
by small loads. 

§ (02) The Elastic Limit. —The elastic limits 
in tension and compression obtained from stress 
strain curves on the first loading of a piece of 
material such as steel are not constant for the 
material but depend upon the previous treat¬ 
ment that the material has undergone. They 
are called the “ primitive ” elastic limits to 
distinguish them from the “ natural ” elastic 
limits set up in the material when it is sub¬ 
jected to a few alternations of stress. 



The definition of the elastic limit which lias 
been standardised by the British Engineering 
Standards Association, and is commonly 
accepted in this country, is that it is the 
least stress at which Hooke’s Law ceases to 
be exact. It is sometimes called the limit of 
proportionality or the “ P ” Limit. 

With some materials there is a deviation from 
Hooke’s Law, and a lack of proportionality 
between stress and strain, even for values of 
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the stress so small that -when it is removed 
the material regains its original dimensions 
(i.e. that there is no permanent set). Hence 
the elastic limit is occasionally defined as the 
maximum stress below which the material 
would fully recover its form upon removal of 
the load. This may be called the “ R ” Limit. 
With most materials the two definitions give 
substantially the same results, they both re¬ 
quire delicate extensometers for their deter¬ 
mination, but the method of procedure during 
the test is slightly different. 

In the first case extensometer readings are 
taken with gradually increasing loads and the 
results plotted as a load extension diagram. 
The point at which there is a deviation from 
Hooke’s Law is easily located, and the Modulus 
of Elasticity can be calculated from the slope 
of the elastic line. The increments of load 
taken are usually about ^ of the estimated 
value of the “ P ” Limit, and if the value of 



the “ P ” limit is known to a first approxima¬ 
tion, the increments are made smaller in the 
neighbourhood of that value and until the test 
is completed. 

The following measurements (Table 21) are 
taken from a specimen machined from a piece 
of boiler plate and show how the “ l 5 ” limit 
and the modulus of elasticity can be calculated. 

The results are plotted in Fig. 91 and show 
that the limit of proportionality is at 16 tons 
per square inch. 

From the elastic line it can be seen that at 
a stress of 13-3 tons per square inch the ex¬ 
tensometer reading is 254; this is equivalent 
to an extension of 0-001 in. on 1-0 in. 

The strain is therefore 0-001 and the modulus 
of elasticity _ a tress/strain = 13-3/0-001. 

= 13300 tons/sq. in. 

= 29-8 x 10 s lbs. per sq. in. 

If the readings of the extension and the 
applied load are known to sufficient accuracy, 
the limit of proportionality can be ascertained 
with more precision by calculating the elastic 
extension for the various loads applied, and 
plotting the difference between this and the 


actual extension as ordinates with the loads 
as abscissae. Table 21 shows this calculation, 
and the results are plotted in Fig. 92. 


Tabljs 21 


Extensometer Test on Boiler Plate 


Diameter of test piece=0-375 in.; Cross-sectional 
area =0-1104 sq. in. Extensions measured on' 
a 1-inch gauge length by a mirror extensometer. 


Stress in 
Tons per 
Sq. In. 

Extension 
Readings* on a 
1" Gauge Length. 
A. 

Calculated 

Elastic 

Extension.* 

B. 

Permanent 

Set* 

A-B. 

0-00 

0 

0 

0 

. 0-44 

8 

8 

0 

0-89 

15 

17 

— 2 

1-33 

27 

26 

i 

1-78 

35 

34 

i 

2-23 

41 

41 

0 

2-68 

50 

51 

-1 

3-13 

57 

59 

-2 

3-57 

67 

68 

-1 

4-01 

74 

76 

-2 

4-46 

83 

85 

_ 2 

5-35 

101 

102 

-i 

6-24 

117 

119 

— 2 

7-14 

134 

136 

-2 

8-03 

150 

153 

-3 

8-93 

169 

171 

- 2 

9-82 

188 

188 

0 

10-70 

206 

206 

0 

11-59 

221 

223 

- 2 

12-48 

237 

240 

-3 

13-38 

253 

257 

-4 

14-27 

272 

274 

~ 2 

1.5-17 

290 

291 

-i 

16-05 

308 

308 

0 

16-93 

330 

325 - 

5 

17-81 

353 

342 

11 

18-73 

383 

359 

24 

19-62 

461 * 

376 

85 


* 1 unit = 1/254,000 in. ; i.e. 401 units « 0-0181 in. 
.Results of tests: 

Elastic limit =-10-0 tons/sq. in. 

Yield stress = 20-2 tons/sq. in. 
Ultimate stress=28-04 tons/sq. in. 
Modulus of elasticity=20-8 X10° lbs./sq. in. 
Extension=30-9 per cent. 
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It is of first importance that shocks and 
vibrations should be avoided during the appli¬ 
cation of the load in an extensometer test, 
since actions of this kind seriously affect the 
sensitivity and the accuracy of the instrument. 
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The second method of procedure, employed 
to determine the “R" limit, is to apply an 
increment of the load and upon its release 
measure the amount of the permanent set, 
if any. The load is then doubled, and the set 
on release again measured. A further increase 
of the load is applied and released, and the 
operation repeated until a well-defined and 
increasing permanent set is obtained. 

The amount of the permanent set is plotted 
against the load and an estimate obtained, 
from the curve, of the point at which the 
material starts to have a permanent set. 
From this reading the “ It ” limit is calculated. 

Results show that the actual location of the 
elastic limit depends on the sensitiveness of 
the apparatus used, low results being obtained 
with instruments of high sensitivity. The 
determination of the “ R” limit requires con¬ 
siderable time to carry out,. but indicates 
plastic yielding of the material at an caily 
point when it is properly ascertained. 

(i.) Elastic Limit by Change of Temperature.— 

If a material behaves elastically, increasing load 
produces a cooling of the test piece, but if, 
however, n pertmiiient set is produced, woik 
is done in internal friction and the tempera¬ 
ture of the test piece rises. E. Rasch, 1 of 
Gross Lichterfelde, has carried out some ex¬ 
periments to determine the temperature-load 
curve for materials. For temperature meas¬ 
urement he uses thermo-couples of iron-con- 
stantan, copper-constantan, or silver-eonstan- 
tan hound to the test piece. Alterations of 
the temperature are read from the movement 
of a galvanometer. He finds well-defined 
points of inflection in his curves. The loads at 
which these points occur give an elastic limit 
sometimes called the thermal or .1 limit. 

(ii.) Effect of Overstrain on Elastic. Limit ana 
Yield Point, —Bausehingcr found the effect, on 
the limit of proportionality, of overstrain to bo 
as follows: 

(1) If the limit of proportionality was ex¬ 
ceeded but not the yield point, then the former 
is raised even if the test piece is immediately 
reloaded. 

(2) If the yield point is exceeded, immediate 
reloading gives a lower limit of proportionality, 
but reloading after a long interval of time may 
give a raised limit of proportionality . J ameB 
Muir 2 found that this effect can bo accelerated 
by immersion for a few minutes in boiling 

Bausehinger also found that the effect on 
the yield point was that if the yield point was 
exceeded, then subsequent reloading gave a 
neio yield point raised to the stress to which 
the bar was loaded in the first place. I ms 
effect occurred oven if the bar was reloaded 
immediately, but if there was an appreciable 

1 Broc. Int. Assoc. Test. Mat., 1000, Article vll«. 
a Roy. Sac. PMl. Trans., 1000, cxclll. I. 


interval of time before the reloading the new 
yield point might be higher than the maximum 
stress applied in the first loading. 


§ (63) The Modulus oe Elasticity. 8 — The 
modulus of elasticity is the number by winch 
the amount of any specified stress or component 
of a stress within the limits of elasticity must 
be divided to find the strain , or any stated 
component of the strain which it produces. 

There is a modulus of elasticity in tension, 
compression, and shear. 

The modulus of elasticity in tension, denoted 
by E, is sometimes called the modulus of 
direct elasticity, or Young’s modulus. The 
value in compression is generally the same as 
that in tension. 

The modulus of elasticity in shear, denoted 
by 0, is called the modulus of transverse 
elasticity, or the modulus of rigidity. 

The moduli C and E aro connected by 
the equation 

n — ® 

2(1+7)’ 

where <r=Poisson’s ratio. 

There is also a volumetric modulus of 
elasticity, sometimes called modulus of elas¬ 
ticity of bulk or modulus of cubic compressi¬ 
bility and denoted by K, It is the number by 
which the stress upon the exterior of the sub¬ 
stance must be divided to give the diminution 
in volume or cubical strain. 

If E and 0 aro known, K can be calculated 
from the formula: 

GE . rr E 
K = 90^E orIv = lHi-27)* 

§ (64) Modulus oir Direct Elasticity.— 
Aii example of the method of determining the 
modulus of direct elasticity (E) is given m 
§ (62). Some materials, e.g. east iron, mortars, 
and concrete, have no elastic lino and thereto! o 
no definite modulus of direct elasticity. It can, 
however, be considered to bo the reciprocal of 
the slope of the stress-strain curve at zero 
stress, but whore tho curvature near.the origin 
is sharp this value of the modulus is of little 
use except as a comparative value of stiffness. 

An example of a stress-strain curve with no 
definite elastic lino is given in Fig. 93. The 
initial modulus of direct elasticity is obtained 
from the slope of tho tangent (OA) to tho 
curve at the origin. 

For concrete, an empirical modulus is some¬ 
times used for design calculations. Tho value 
is obtained in one of three ways : 

(i.) Tho “ tangent ” modulus (E ( ) is obtained 
from the slope of the tangent to the stress- 
strain curve where the ordinate is the working 
stress—25 per cent of the compressive strength 
is usual for the working stress that is, from 
the tangent CD (Fig. 93). 

» Sec “ Elasticity, Theory of,” § (5). 




174 


ELASTIC CONSTANTS 


(ii.) The secant ’ modulus (E s ) is obtained 
from the slope of the line OB, where B5=the 
working stress of the material. 

(iii.) The chord ” modulus (E,.), determined 
by the ratio of stress to deformation, is given 
by the chord drawn between two points on the 
curve, defined by the limits of stress for work¬ 
ing loads, i.e. from the chord EF (Fig. 93). 

The tangent and chord methods give moduli 
of approximately the same value, which are 
higher than the secant modulus. 

Stanton Walker 1 has shown, from a study 
of curves which he obtained from various 
samples, that the stress-strain curve is repre¬ 
sented by a curve of the type 

S = JW‘ t 

where S = unit stress in concrete, 
ri = unit of deformation, 

K = constant depending on strength, 
■ft=an approximately constant exponent, 

and the relation between modulus of elasticity 
and strength of concrete is 

E = CS“ 

where E = modulus of elasticity, 

C = constant depending on conditions 
of test, ' 

S = compressive strength of concrete, 
m—an exponent. 

Similar equations were suggested by Bach 
and Morsch.* 


For low percentage nickel steels (3 to 44 per 
cent) the average value of E is 28-5x10° 
lbs. per square inch, while the value of E 
for high percentage nickel steels (30 to 35 



Modulus of 


Effect of Overstrain on the 
Direct Elasticity.— If tlie limit 
of proportionality is exceeded 
the value of E for steel is 
lowered, in some cases as 
much as 20 per cent. Re¬ 
covery, however, is effected 
by rest or immersion in boiling 
water. 

Marshall 3 showed that if 
steel is initially strained to a 
point within the limit of pro¬ 
portionality, a second loading 
may give slightly higher values 
of E. 

§ (05) VaXjUEs of this Modit- 
i/cts of Direct Elasticity 
( Young's Modulus). —For car¬ 
bon steels the value of E in 
lbs. per square inch varies be¬ 
tween 28-5 x 1.0° and 31 x 10°, 
with an average value of 
•29-5 x 10°. It is nearly the 
same in tension and compres¬ 
sion, and is practically in¬ 
dependent of the carbon content and of the 
heat treatment. 


per cent) is low, being about 23 x 10° lbs. per 
square inch. 

With cast iron there is no definite modulus 
of elasticity. Using a working-stress figure of 
10,000 lbs. per square inch, the “secant” 
modulus for cast iron varies from 12 x 10® to 
20 x 10° lbs. per square inch for grey east iron, 


Table 22 

Values of the Moduli of Elasticity 


Material. 

Value of E. 
Lbs./Sq. In. 

Value of 0. 
Lbs./Sq. In. 

Carbon steels .... 

29,500,000 

12,000,000 

Low percentage nickel steels . 

28,500,000 

11,200,000 

Cast iron (grey) 1 . 

/' 12,000,000 to 

( 4,800,000 to 

\ 20,000,000 

(.8,000,000 

Cast iron (white) . 

f 20,000,000 to 

f 7,500,000 to 

\25,000,000 

(9,500,000 

Copper (rolled) 

15,000,000 

5,600,000 

Copper (hard drawn wire) 

17,000,000 

6,400,000 

Copper (annealed wire) . • . 

10,000,000 

6,000,000 

Aluminium .... 

10,000,000 

3,800,000 

Phosphor bronze 

14,000,000 

5 200,000 

Load ...... 

2,500,000 

880,000 

Timber (English oak) . 

1,300,000 

„ (Russian fir) 

f 2,500,000 to 

.. 

» (Christiania spruce) . 

„ (hemlock) . 

(3,000,000 

1,500,000 

2,500,000 



Proc. 


1 “ Modulus of Elasticity of Concrete,’ 

Amcr. Soe % Test. Mat., 1019, xix. 512, 

. Ooodrieh, Concrete Steel Construction (translation 
of Morsch’s Per Eisenbelonbm). ,UD 

Amer. Soc. Civ. Eng. Trans, xvii. 02. 


per square 


and from 20 x 10° to 25 x 10° lbs. 
inch for white cast iron. 

Further values of E are given in Table 22. 

§ (66) Modulus of Transverse Elas¬ 
ticity, or Modulus oe Rigidity (0). _The 

easiest method of determining the value of C 
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is by means of a torsion test. Pile strain is 
measured by some form of torquemeter such 
as is described in § (55). . 

A stress-strain diagram is drawn in the same 
way as for direct stress but having torsional 
stress as abscissa and torsional strain as or¬ 
dinate The value of C is then calculated from 
the slope of the elastic line. The elastic limit 
in shear is also easily located from the curve. 

A series of observations by the N.P.D. 
mirror torquemeter (§ (55)) on a piece of a 
shaft are given in Table 23 and tiro diagram 
shown in Fig. 94. From this diagram the 
limit of proportionality in shear is seen to be 
with a torque of 1350 lbs.-in. corresponding 
to a stress of 24'0 tons per square inch, and 



Bessemer steel of carbon content varying 
from 0-19 per cent to 0-9(5 per cent to range 
from 11-Ox 10" to 12-7 x 10 6 lbs. per square 
inch. 

Platt and Hayward 2 give values varying 
from 12-3 xl() B to 14-0 x 10« lbs. per square 
inch. 

Average values of C are given in Table 22. 

§ (67) Poisson’s Ratio.— Poisson’s ratio is 
the ratio of lateral to longitudinal deformation, 
and is usually denoted by cr. 

An extensometer when used in conjunction 
with an apparatus for measuring lateral strains, 
such as are given in § (57), gives the value 

Table 23 

Torsional Stress-strain Observations 

Diameter of test piece<=0-500 inches. 

Gauge length = 4 inches. 


c 


the modulus of rigidity (0) —114) x 10° lbs. per 
square inch. 

X 10" lbs. per sq. in. 

strain (H)0453 
Note.— Straw = 24-Ox 2240 lbs. per sq. in. 
sr 63,800 lbs. per «q. in. 

t where r -- radius of tlio tost 
piece, 

6 = angle of twist on 
length L m 
radians. 

= (0-25 X 4-ll»)/(4 X 57*3) = 0-00453. 

For wire the value of 0 is determined from 
the time of a single torsional oscillation. 
Bausohinger 1 found the value of O tor 

i aivilinmivkiir, 1879. 


Twisting 

Moment. 

Lbs.-lns. 


100 

200 

300 

400 

600 

000 

700 

800 

1)00 

1.000 

1040 

1080 

1120 

1100 

1200 

1240 

1280 

1320 

1300 

.1400 

1500 

1000 

1700 

1800 


Torsional Strain. 

In Torquemeter 
Units.* 

Angle. 

Ill 

0° 19' 

9.9.91 

0° 38' 

329 

0° 57' 

442 

1° 1(5' 

561 

1° 34' 

65(5 

1° 52' 

769 

2“ 12' 

880 

2° 31' 

989 

2" 50' 

1103 

3° 9' 

1145 

3° Ki' 

1190 

3° 23' 

3° 31' 

1278 

3° 39' 

1322 

3° 4(5' 

1369 

3° 54' 

1.403 

3° (50' 

1446 

4° 7' 

1497 

4° 15' 

1550 

4° 25' 

1699 

4° 60' 

1919 

5° 26' 

2249 

6° 20' 

2859 * 

7° 58' 


» a reading of 2851) ==uui angle of twist, of 7 degrees 
58 minutes on a length of 4 inches. 

of cr for any material in the most direct way 

P Both instruments are fixed on the test 
piece at the same time and measurements are 
obtained, of both lateral and longitudinal 
strains, for equal increments of load, dhe 
results are then plotted as stress-strain dia¬ 
grams, and the ratio of tho slopes of the 
elastic lines is equal to cr (Poisson s ratio). 

The figures in the following table are taken 
from results obtained by Coker. 

* Inst. Civ. 'Eng. Proa. xc. 409. 
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Table 24 

Measurements op Lateral and Longitudinal 
Strains 

Diameter of the test piece = 1-01 inches. 
Length under test=8-00 inches. 


Load in Lbs. 

Lateral Strain 
Beading. 

Longitudinal Strain 
Beading. 

1,000 

0 

0 

3,000 

20 

34 

5,000 

42 

66 

7,000 

63 

99 

9,000 

85 

132 

11,000 

106 

165 


. Erom the plotted values of these results 
given in Fig. 95 it will be noted that the 
curves do not pass through the first point, but 
the remainder of the observations lie on 

170 r 
"leof 



1.900 2400 3200 4000 4B00 SBOO 6400 7200 6000 6600 6000 10400 11200 

Load in lbs on 1-01 ins. diam. 


I'M. 95. 

straight lines. The slope of the longitudinal 
stress-strain curve=408-7 x 1(H°, and the slope 
ol the lateral stress-strain curve = 107 x 10- 10 
therefore (r=107/408-7=0-262. ’ 

Average values of Poisson’s ratio for various 
materials are as follows : 

Table 25 


that materials fail under stresses considerably 
lower than the ultimate when those stresses are 
repeated many times. 

Stanton and Bairstow 1 have shown micro, 
scopically that this deterioration is duo to 
“ slip lines being sot up at the point of maxi¬ 
mum stress in tho cleavage planes of the 
crystals and due to unequal distribution of 
stress among the crystals.” These slip lines 
broaden out and develop into actual cracks 
under repetition of stress. This type of 
failure is sometimes called “ fatigue,”' lint is 
perhaps better described as a “ repeated st ress 
failure.” 

In many cases the stress does not alternate 
between zero and a maximum in tension • 
there may be an initial tensile or initial com¬ 
pressive stress. For tho purpose of a con¬ 
sideration of this subject compressive stress 
is taken as a negative tensile stress, and the 
range of stress as the 
difference between the 
maximum and minimum 
stresses. 

Alternating stresses are 
usually considered as be¬ 
ing those in which the 
maximum and minimum 
stresses are equal hut of 
opposite sign. 

Since 1864, when [fair- 
bairn published results in 
tho Hoy. Hoc. Phil Trans. 
on riveted wrought iron 
girders subjected to re¬ 
peated stresses, many im¬ 
portant researches on this 
subject have been under- 
As a result of his work, Fairbuim 


Material. 

Value of Poisson’s Eatio. 

Glass .... 
Steel .... 
Copper 

Brass .... 
Delta metal 

Muntz metal . 

Dead . 

Stone ... 

Concrete . . 

Cast iron . 

Wrought iron . 

0-25 

0-27 to 0-30 

0-33 (0-31 to 0-34) 

0-33 (0-32 to 0-35) 

0-34 

0-34 

0-43 

0-20 to 0-34 

0-08 to 0-18 

0-23 to 0-27 

0-27 to 0-29 


VI. Special Forms of Test 

TV 8 0I l THE REPETIT roN of 
tresses.— It has been shown by experiment 


taken, 

recommended that tho safe repeated stress 
should be not more than one-third of the 
ultimate stress. 

In 1871 Wohler published the results of an 
exhaustive senes of repeated stress ex peri- 

S ^ streSH > bending, and torsion 
which had boon earned out during the previous 

is viv 6 y °- aiS ’r d®soription of these tests 
f glV0 ? f Engineering of 1871, and a good 
account by Unwin. 2 The most important 

i“ udi T fr . om t,10R0 experiments on wrought 
non and steel are ; 

wi? f\ s . tress ljek)W the ultimate will fracture 
wrought iron and stool if it is repeated many 

stress T !w ange of str ? s ?’ and not ^ maximum 
mt } mi certain Hmite tho 
number of repetitions before fracture. 

the numb J 1Ve ? maX l muni or minimum stress 

Screaks r ° potlt i° ns fracture 

moreases as the range of stress is diminished, 

Dfiect^Ss/* 0 /^ 0™$$ Prof cixW l6 78 raalH 01 
Testing of Materials of Oomlrmtim^ 101O,' p. 874 
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and there is a range of stress called the limiting 
range, at which the number of repetitions is 
infinite. 

(d) The limiting range of stress diminishes as 
the maximum stress increases. 

Wohler’s work was continued on the same 
machines and confirmed by Spangenborg, 
whose results, however, were not so consistent 
as the original work by Wohler. 

Results' published in 1880 by Baker, 1 who 
had experimented with soft and hard steel 
(28 and 54 tons per square inch respectively) 
and 27-ton rivet iron, were in completo agree¬ 
ment with Wohler’s researches. 

A considerable number of experiments on 
the effect of varying values of the minimum 
stress on the limiting range of stress have been 
carried out by Haigh. 8 

In 1915 ho reported a series of tests on mild 
steel to the British Association. These aro 
summarised in Table 20. 


Tablm 20 

Repeated Stress Tests on Mild Steel 


Ultimate 
Static 
Stress. 
Tons/Sq. In. 

Limiting 
Minimum 
Stress. 
Tons/Sq. In. 

Limiting 
Maximum 
Stress. 
Tons/Sq. In. 
B. 

Limiting 
Range of 
Stress. 
Tons/Hq. In. 
B-A. 

20-0 

+ 4-05 

+21-55 

17-5 


- 0-88 

+20-62 

21-5 


- 7-8 

+ 17-20 

24-5 


-18-0 

+ 13-00 

26-0 


-10-90 

+ 6-54 

23-5 


-20-10 

+ 1-40 

21-5 


-21-95 

- 2-45 

19-5 


The results are plotted in Fig. 90, from which 
it is seen that— 

(1) When the minimum stress is zero, the 
range of stress is approximately 21-0 tons per 


(2) When the minimum stress is less than 
half of the range (i.e. from 4-05 to - 13-0) the 
curve approximately follows Gerber’s parabola 
(see § (70) (ii.), otherwise there is a noticeable 
deviation from the parabolic form. 

Results in Table 27 give details of the 
observations on mild steel when the stresses 
are alternating (i.e. equal tension and com¬ 
pression). These confirm Wohler’s deductions 
b and c, given above. 

Table 27 

Alternating Stress Tests on Mild Steel 


Limiting range of stress = 26-0 tons per sq. in. 


Ultimate 
Stress. 
(Static.) 
Tons/Sq. In. 

Alternating Stresses. 

(Equal Tension and Compression.) 

Range of Stress. 
Tons/Sq. In. 

Millions of Cycles 
to Rraeture. 

20-0 

39-3 * 

0-003 


32-7 

0-08 


31-3 

0-050 


31-3 

0-10 


29-9 

0-19 


29-9 

0-80 


28-8 

0-41 

'* 

28-7 

1-01 


27-5 

1-37 


27-5 

2-18 


20-4 

1-66 


26-4 

5-90 


25-4 

7-20 f 


* 30-3 (range) - -I- 19-05 to - 19-05. t Unbroken. 


Tests on Naval Brass by Haigh are sum¬ 
marised in Table 28 and plotted in Fig. 9(1, 
and show that for the brass under consideration 
the equation connecting minimum stress and 

Table 28 

Repeated Loading Tests on Naval Brass 



square inch, i.e. a tensile stress of 80 per cent of 
the ultimate stress is sufficient to fracture the 
material when repeated a considerable number 
of times. 


* “Notes on the Working Stress of Iron and 
Steel,” Amer. SSoc. Meek. Jim. Propo 1880. 

» Brit. Assor,. Report, 1915, p. 103; also Imt. of 
Metals 1017, No. 2, p. 55. 

VOL. I 


Ultimate 

Stress. 

Limiting 

Limiting 

Limiting 

Minimum 

Maximum 

Range of 

(Static.) 
Tons/Sq. In. 

htroHH* 
TcmH/Sq, In. 

A. 

Tons/Sq. In. 
B. 

Tons/Sq. In. 
B-A. 

28-7 

- L0 

+10-5 

17-6 


- 3-4 

+ 15-8 

19-2 


~ 0-5 

+14-5 

21-0 


t 12-0 

+ 12-0 

24-0 


-17-0 

+ 10-5 

27-4 


- 20-6 

+- 8-5 

29-0 


rango of stress is that of a straight lino passing 
through the point where the minimum stress 
is equal to the ultimate stress. Haigh says that, 
as a rule, metals which give a considerable 
reduction of area at fracture have a high value 
of the ratio of alternating stress rango (with 
equal tension and compression) to the ultimate 
stress. This usually varies between 1-20 in 
ingot iron and the best mild steel and 0-80 

N 
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in. high tensile and tool steels in the annealed 
condition. 

§ (60) Bausohihger’s Theory oe Failure. 

Bauscliinger’s theory of failure due to re¬ 
peated stresses is the only one which has 
received serious consideration. He shows that, 
with bars subjected to cyclical variations of 
stress, the elastic limits in tension and compres¬ 
sion take up new positions, the range between 
the two limits depending on the material and 
the stress at the lower limit of elasticity. Thus 
if the elastic limit is raised in tension by 
overstrain it is simultaneously lowered in 
compression, so that for that condition of 
loading, two new limits are set up, which 
Bauschinger calls the natural elastic limits. 
Ie showed, further, that the range between 
thes-ie limits was the same in magnitude as 
the maximum range of stress which could be 
applied to the material an infinite number of 
times without causing fracture. 

Bairstow, 1 in an important paper communi¬ 
cated to the Royal Society from the N.P.L 
has given experimental results which' con'! 

hypotheses^ 1 ' 3 ^ Str ° nS SUpp ° rt of Bausohinger’a 

In the testing machine used by Bairstow for 
the. purpose of the experiments, cyclical 
. variations of direct stress are automatically 
produced at the rate of two per minute in 
such a, manner that the extensometer, which 
is of the Martens mirror type, is fixed to the 
specimen throughout the test, and in this way 

o bsorved° IUSt ° ry ° f tIlG pra S resa of fatigue is 

When the limits of stress are tension and 
compression of equal values it is found that, 

" . tho ™nge of stress is above a definite 
value, tho stress-deformation ourve forms a 
closed loop, which is called the hysteresis 
loop, consisting of two parallel straight lines 
corresponding to the variation of stress from 
the limits of stress towards the mean stress 
and two curved portions, corresponding to 
the variations of stress from the mean value 
to the extreme values (Fig. 97). The width 
oi this loop, which is the permanent set of 
the specimen per cycle, increases as the range 
of stress increases, but for a definite range of 
stress tends to a limit which is not greatly 
exceeded by subsequent repetitions of loading, 
oven when this is the range at which fracture 
under fatigue eventually takes place. Under 
these conditions of stress the mean length of 
the specimen remains constant. 

When the limits of stress are unequal the 
hysteresis loop is formed as before, but is not 
closed, owing to the fact that the mean length 
of the specimen gradually changes because of 
the continued repetition of the same cycle of 
stress, lc. tho change of mean length of the 
specimen per cycle is tho amount by which 
1 Roy. Soc. Phil. Trans. Series A, cox. 35 - 55 . 


the hysteresis loop is enclosed. Tho amount 
oi the permanent extension during the earlier 
stages of the breakdown becomes considerable 
as the superior limit of stress approaches 
the static yield point, and if its value, after 
the first considerable stretch has occurred, bo 



the superior limit,, it is found that tho curves 
gradually come into coincidence with the 
ordinary static “ stress-elongation ” curve at 
the yield point, FEABO (Fig. 98) shows 
such a curve, in producing which no cyclical 
variations of stress are concerned. 

The principal conclusions arrived at by 
Bairstow are summarised thus : J 

(a) The “ natural elastic range ” is the value 
to be used m design, and, with equal com¬ 
pressive and tensile stresses, this value is 
identical with the “ Wohler safe range.” 

TilC natural Mastic range depends upon 
(1) the material and (2) tho lower limit of 



stress. The elastic range when the lower 
limit is zero is less than that with equal tensile 
and compressive stresses (about 15 per cent with 
axle steel and 6 per cent with Bessemer steel). 

fc) If a .stress-extension curve is plotted, 
the extension being the value of the por- 

extmsion roacl ^cl after repeated 
alternations, it assumes the form found with 

C0 PP er wire, which has no yield 
point, but corresponds with the curve FEJ.HBO 

^fw Pr ° taCCd b “ ct '‘“‘”“ 1 ” 
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(d) Recovery due to stoppage of the alterna- | 
tions of stress is appreciable, being somewhat 
rapid for some materials. Recovery reduces 
the permanent extension at a given load and 
can be greatly accelerated by immersing in 
boiling water for a few minutes, as suggested 
by Muir. 1 

If an inclined line egi (Fig. 99) is taken to 
represent the limiting minimum stresses, and 
the limiting maximum stress corresponding 
to each limiting minimum stress is plotted 
on the corresponding ordinate, a curve. of 
maximum stress ea is obtained. The vertical 
distance between the two curves represents 
the limiting range of stress and it will be 
observed— 

(1) That as the limiting minimum stress 
increases the range decreases. 

(2) That if both the maximum and minimum 
stress applied to tiro material fall between the 
two curves, then the material will not fail 
under a repeated stress having those maximum 
and minimum values. 

§ (70) Formulae for Repeated Stress 
Tests. —-Various empirical formulae have been 



suggested to connect the limiting values of 
the maximum, minimum, and range of stress, 
(i.) Wayraugh and Launhardt'a Formulae.— 

If /m»s,=limiting maximum stress, 

/ lllIn '== limiting minimum stress, 
f~ ultimate static stress, 

Zj. = limiting range of stress when = 
2Z 2 = limiting range of stress when /„,i„, 

= “/max, 

1 Ron. Roc. Phil. Trans., 1900, cxciii. X; also Roy. 
Soc. Proc., 1900, lxvii. 461. 


Weyraugh 2 suggested the formula 

(Zi-Z*). 

J max. 

where the stress is wholly or partly reversed. 
Launhardt 3 suggested the formula 

/„.«=Zx + ^(/- Z x ), 

J max. 

whore the stress is applied without reversal. 
Fig. 100 is drawn plotting the values of /max. 



from the above formulae assuming the values 
of f m . to lie on the inclined lino RS and 

Z x = | and Z 2 = 

The latter have been found to be average 
values for a variety of materials. 

The curved line for the maximum stress 
limit derived from Weyraugh and Launhardt s 
formulae is sometimes assumed to be straight, 
in which caso one formula covers the whole 
held of repeated stresses. 

(ii.) Gerber's Parabolic, Relation. — Gerber 
showed that, by plotting the limiting minimum 
stress as abscissa and the corresponding safes 
rango as ordinate, a curve was obtained 
which, to a first approximation, was para¬ 
bolic. 

Using tho previous notation, Gerber’s para¬ 
bolic relation is expressed by the formula 

/max. nh,.), 

n being a constant for tho material. 

§ (71) Repeated Stress Testing Machines. 
—All Wohler’s tests were carried out at a speed 
of less than 100 reversals per minute, and a 
determination of the fatigue range occupied 
a very long time. 


2 Inst. Civ. Eng. Proc. Ixiii. , 

' Zeitsch. dcs Arch.- und Ing.-7erm.nH zu Hammier, 
1873 ; also, Inst. Civ. Eng. Proc., 1880-81, Ixiii, 
280. 
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Various machines have been constructed 
to accelerate the test. 

.Before describing those machines which 
are in constant use for this branch of testing, 
it is advisable to explain the usual procedure 
which is adopted in the determination of the 
limiting range of stress. 

Starting with an unknown material and 
a machine giving 2000 reversals per minute, 
two methods of attacking the problem are 
used : • 

(a) If the amount of the material is small 
and only a limited number of test pieces can 
be prepared, a low range is applied to the first 
test piece, which is increased by about 30 per 
cent after ten million reversals. Increments 
of the same value are added to the stress range 
after each additional ten million reversals 
until the test piece fails. (If the test piece is 
hollow the number of reversals can be reduced 
to five mil- 

Counter driven 
by Worm and' 

Worm-wheel *~i 


Attached to 
Electric Motor (C) 
by Flexible Coupling 


lion.) The 
range is 
then known 
to be be¬ 
tween two 
values (as¬ 
suming the 
material to 
be homo¬ 
geneous). A second teat piece is then 
sorted in the machine and a range applied 
slightly higher than the lower of the two 
previous values. This range is increased 
by small increments (depending upon the 
accuracy with which the results are desired) 
after each ten million reversals, until failure 
occurs. 


in order to be satisfied that, if the test piece 
does not break, the range applied is within the 
safe range. 

The machines which are in common use can 
be divided into four main types : 

(i.) Rotating cantilever machines. 

(ii.) Rotating bar machines with a short 
length under a constant bending moment. 

(iii.) Direct stress machines. Load applied 
by an unbalanced revolving weight. 

(iv.) Direct stress machines. Load applied 
by the pull of an electromagnet excited by an 
alternating current. 

(i.) Rotating Cantilever Machines for Reversals 
of Bending Stress .—This type of machine has 
been run successfully at 3000 revolutions per 
minute and is shown diagrammatically in 
Fig. 101. It consists of a test piece A hold 
in a rotating chuck B driven either direct 
or through gearing by an electric motor 0. 
,Shaft Bearings 



(It) Where at least four test pieces are 
available, the limiting range is approached 
from the opposite direction. The first test 
piece has a high range of stress applied to it, 
and from the number of reversals required 
to fi acture an estimate can lie obtained as 
to the probable range. The next specimen 
is tested under a range still believed to be on 
the^ high side, and this process is repeated 
until a range is obtained under which the 
material does not break. A stress-reversals 
curve can then be drawn, from which the 
range of stress can be estimated^,with what¬ 
ever accuracy is required consistent with the 
homogeneity of the material. 

The method of procedure adopted will 
depend on 

(а) The amount of material available. 

(б) The relative cost of preparation of test 
piece and running of the testing machine. 

(c) The importance of the time of duration 
of test. 

With machines of higher speed than 2000 
reversals per minute it is usually considered 
that a larger number of reversals is required 


Fra. 101. 

The test piece is loaded by weight W on a 
scale pan S, which is attached to the test 
piece through the hall hearing I). The 
connection between the ball bearing and the 
scale pan is such that the latter can adjust 
itself in a vertical direction without putting 
any constraint on the hall hearing. 

The number of alternations is'recorded by 
a counter driven by a worm wheel from a 
worm cut on the machine shaft. The breaking 
of the test piece usually operates a switch and 
stops the motor; by this means the machine 
can be run continuously with but little 
attention. 

A slight modification of the counting and 
stopping method is in some cases adopted. 
The counter is attached to the ball-bearing 
holder (by which the load is applied) and is 
driven by the inner race of the ball bearing. 
The breaking of tlie test piece causes tlio 
counter to cease recording, and the machine 
continues to run, without a test piece, until 
the next period of inspection. 

A rotating cantilever machine which has 
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been running successfully at the N.'P.L. is 
sho wn in Fig. 102. 

With a bending test the stress distribution 
over the cross-section is unknown if the elastic 
limit is exceeded, and the maximum stress only 



Fia. 102. 


(ii.) Rotating Bar Machines.— -This type of 
machine was first used by Sondericker 9 in 
1892. The method of test is shown diagram- 
matically in Fig. 104. The test specimen 


Weight 


_li.t _A- 

rrrdf 

-B - —1 



L-tt-I 

— 


1 

FlO. 104. 


A BCD is subjected to a uniform. bending 
moment while revolving on its axis. It is 
supported on swivelling bearings at A anil 
D, and the central portion between B and 

M - e -»—& M 



Fid. 105. 


falls on the outer fibres of the test piece. The 
test piece is often made hollow, as in Fig. 103, 
the part under tost being only a thin shell. 

Machines of the rotating cantilever or 
Wohler type have been used for researches 
described by Wohler, 1 Stead and Richards, 9 
C. B. Dudley, 3 F. Rogers, 4 Stanton and 



0 is reduced in diameter. The maximum 
stress (f max .) on the test piece is calculated 
from the formula 

32 

/ umx . = Bonding moment x 

where d = the diameter of the reduced 
portion. Besides 
Sondericker this 
method of tost has 
been used by .T. E. 
H o w a r d 10 a n d 
Eden, Rose, and 
Cunningham. 11 ’ 

(iii.) Direct Stress 
Machines. — Load 
applied by an un¬ 
balanced weight. 

TV, 1009. OulumiA 


Pannell, 5 J. 0. Roos,° C. E. Stromeyer, 7 and 
A. Martens. 8 

They are made commercially by Alfred J. 
Amsler & Co., and Tinius Olsen Testing Machine 
Co. The latter company call them "White- 
Souther endurance testing machines.” 


1 Engineering, ii. 

a Iron and Steel Inst. J., 1903, No. 2. 

* Iron and Steel Metallurgist, Feb. 1904. 


1 Iron and Steel Inst. J., 1905. 
s “ Experiments of Strength and Fatigue Pro¬ 
perties of Welded Joints,” Inst. Civ. Eng, Proa., 
1911, elxxxviii. , „ , 

« “ Some Static and Dynamic Endurance Tests, 
Int. Assoc. Test. Mat. Proc., 1912, Paper V. 

7 Manchester Steam Users’ Assoc., Memo, by Chief 
Engineer, 1913. „ , ,, , 

“ “ Fatigue Bending Tests, Science Abstracts, 1914, 
No. 1371. 


Reynolds and J. H. Smith 12 described a throw 
testing machine, for reversals of stress in 
which simple direct stresses were produced on 
a tost piece by the inertia forces of reciprocating 
weights driven by a crank and connecting rod 
from a rotating shaft. 

A machine of the same typo was designed 
by T. E. Stanton 13 and used for his work on the 
resistance of iron and steel to reversals of 
direct stress. A diagram, of the mechanism 


• “Repeated Stresses,” Quarterly Journal of 
Massachusetts Inst, of Technology , 1892. 

10 Engineering Record, Sect. 22,1906; also Inter. 
Assoc. Test. Mat. Proc., 1909. 

11 Inst. Meoh. Eng. Proc,, Oct,, Dec. 1911. 

11 Roy. Soc. Phil. Trans. A, 1902, exeix. 

ia Engineering, Feb. 17, 1905. 
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is shown in Fig. 105, which also explains the 
method of balancing the cranks. 

Tour masses M reciprocating horizontally 
are operated by four cranks C. There are 
therefore two indejjendently perfectly balanced 
systems with cranks set 180° apart on the 
same shaft AB. The cranks of one system 
are at right angles to the cranks of the other 
system, so that the kinetic energy of the 
moving parts is thus approximately constant. 
There are four test pieces S, one stressed by 
each reciprocating mass. 

Machines of this type, however, suffer 
from the disadvantage that the inertia forces j 


1 end to the frame of the machine in such a 
way that its height can bo adjusted to allow 
for elongation, while the lower end is attached 
to a frame carrying the armature A of a 
two-phase electromagnet JV^ and M u . 

The electromagnet is excited by an alternat¬ 
ing current from a generator giving a sine 
wave E.M.P., so that tho pull is almost 
proportional to (voltage/frequonoy) 3 , nearly 
independent of tho air gap, which is small 
and pulsates with twice the frequency of the 
electric current. 

Two small secondary coils wound on frames 
are fixed close to the pole faces, and tho voltage 



Pig. 106. 


vary with the square of the speed. It is 
therefore necessary to control the speed very 
carefully if reliable results are expected. 

(iv.) Direct Stress Machines .—Load applied 
by puR of an electromagnet excited by an 
alternating current. 


This method has been successfully appli 
by G. Ivapp, 1 B. Hopkinson, 2 and B. I 3 . Haig] 
Haigh has introduced several new featui 
into his latest design. Fig. 106 shows 
machine installed at the N.P.L. and Fig. 1 
illustrates the principle adopted. 

The test piece S is connected at its iipj 

n 1 ^hernating Stress Machine,” Zeits Yereii 
Deutsch. Ing., Aug. 26,1911. 

j Soc \ Pro P- A > Jan - 31, 1912. lxxxvi 

191?f Ko“ 55 V ‘ 22 ’ 1012; alS ° lmL ° fMctals ' 


induced in theso coils is measured by a, volt¬ 
meter and used for calculating the stress. 

In order that the pull of the two magnets 
shall bo of the same' amount it is necessary 
that the air gaps shall bo equal. A line 
adjustment is provided with tho machine to 
enable the test-piece frame and armature to 
be raised or lowered during a test until the 
current m the two coils and therefore the 
am gaps are equal. The ooils are connected 
to a differential ammeter which reads zero 
when this condition is fulfilled. 

By the use of a choking coil the voltage 
readings are rendered nearly independent of 
the frequency over a fairly large range, so 
that slight alterations of frequency during a 
test do not alter the range of stress. 
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The frame carrying the test piece and 
armature is also attached, below the latter, 


J:i_-xrL 



of the same type, found that a change of 
speed from 00 to 800 did not seriously 
affect the range, and later, using a machine 
of the samo" typo as Wohler, they found 
that there was no evidenco at all of any 
reduction in fatigue strength due to a rate 
of alternations of 2200 when compared with 
200 . 

With respect to Reynolds and Smith’s results 
Stanton says, “ It seems probable that tho 
reduction 'in fatigue strength, noted by 
Reynolds and Smith as due to high rate of 
alternations is a characteristic of tho particular 
mechanism used for their experiments. 
Bairstow 3 says, “It may possibly he that tho 
decreased range of stress found by Reynolds 
and Smith lias some relation to tho question 
of recovery, but further experiments aro 


Minor attached to Test Piece btj two 
Springs (t), giving a, virtual centre of 
rotation on the axis of the Test Piece 


to standard springs S, S. Tho stiffness of these 
springs is adjusted to counterbalance the in¬ 
ertia of the armature, etc., a precaution which 
is very desirable, as it eliminates a correction 
which would amount to 5 per cent of the stress 
range. This adjustment is effected by setting 
the springs, so that the moving system, 
without the test piece in place, vibrates in 
resonance with the magnetic pull. 

By extending or compressing the springs 
an initial pull or push can be applied to tho 
test piece so as to alter the magnitude oi the 
minimum stress: 

Thus if /„=the alternating stress applied 
eloetromagnetically, 
and /„ «the stress applied by the springs, 
then the maximum stress lf m nx.)~fa+ft 
and tho minimum stress “/«+/*• 

Range of stress =Z =/ m i V *. ~/iuim =./#+•£+ / # 

i.e. tho range is not affected by tho load 
applied by the springs. 

The voltmeter is calibrated by measuring 
tho rango of stress (photographically^ by a 
special form of optical extensomotor. This is 
shown diagrammatioally in Fig. 108. 

§ (72) Effect of Speed ok the Limiting 
Range of Stress.— Reynolds and Smith 1 
found that tho limiting rango of stress was 
smaller at speeds of 1300 to 2500 per minute 
than at 00 to 80 cycles per minute. Their 
conclusions have not, however, been confirmed 
by subsequent experiments. 

Stanton and Bairstow, 2 using a machine 

i Ron. Soc. Phil. Trans. A, 1902, cxe.ix. 

» " Resistance of Iron and Steel to Reversals of 
Direct Stress,” Inst. Cw. Eng. Proo. clxvi. 78, 


0 



-Test Piece 



lira. 108. 

I 

necessary to decide tho question, as the effect 
of the rigidity of tho testing machine has not 
yet been fully investigated. In two instances, 
at least, low ranges of stress havo been traced 
to natural periods of vibration in the testing 
machine agreeing approximately with tho 
period of repetition.” 

Eden, Rose, and Cunningham 4 found no 
speed effect between 260 and 1300 revolutions 
per minute. 

* Roy. Soc. Phil Trans. Berios A, cox. 85-55. 

* Inst. Blech. Eng. Proo., Oct., Doc. 1911. 




184 


ELASTIC CONSTANTS 


§ (73) Effect of Rapid Changes op Section 
and Subpage Condition on the Limiting 
Ranges of Stress. —Stanton and Bairstow 
have shown that rapid changes of section have 
• a marked effect on the resistance of materials 
to repeated direct stresses. 

The standard test piece that they used had 


a fillet of inch, and for comparison with 
this they made experiments when (1) the 
fillet was reduced to 0-062 inch, (2) the 
specimen was screw cut with a Whitworth 
vee thread, and (3) the corners wore left 
sharp. 

The results are given in Table 29 and 
show— 

(1) That the resistance of all these forms 
are, in every case, far below the corre¬ 
sponding maximum limiting resistances of 
the materials. 

(2) That the resistances of forms (1) and (2) 
are practically the same for any given material, 


depend on the hardness of the steel, being 
approximately 52 per cent for the hard steels 
and 45 to 35 per cent for the wrought irons 
and mild steels. It is, however, worthy of 
notice that even under the circumstances 
supposed to be most fatal to hard steels, i.e. 
a sudden change of section, these steels are 


very appreciably stronger than wrought irons 
and mild steels. 

The results of some experiments, made by 
the author using the Wohler rotating cantilever 
method of test, are given in Table 30. The 
standard test piece shown in Fig. 103 has a 
radius of 0-625 inch. 

The percentage reduction in the range is 
seen to agree with the results obtained by 
Stanton and Bairstow. 

The injurious effect of scratches in parts of 
machinery subject to variations of stress is 
now recognised. ITaigh says that cracks 
develop from surface scratches under stresses 


Table 29 

Effect of Rapid Changes op Section on the Limiting Range of Stress 


Material. 


Swedish Bessemer steel No. 3 
Swedish Bessemer steel No. 2 
Swedish Bessemer steel No. 1 
Swedish charcoal iron' 
Piston-rod steel 
Mild steel No. 2 
Mild steel No. 1 
Wrought iron No. 1 


Percentage Reduction of the Limiting Range of Stress. 


Specimen Screw cut 
with a Vee Thread. 

Specimen having a 
Pillet 0-062 in. Radius 

Specimen left with 
perfectly Sharp 
Corners. 

31 

32 

52 

30 

28 

53 

33 

32 

52 

32 

35 

46 

33 

29 

40 

29 

28 

45 

26 

28 

36 

23 

19 

40 


Table 30 

Effect of Rapid Changes of Section on the Limiting Range of Stress 
(using tiiiq Wohler Method) 


Material. 

Ultimate Static 
Stress. 

Tons per 

Sq, Im 

Limiting Range of Stress. 

Tons per Sq. In. 

Maximum 
Reduction 
in Range. 
Per cent. 

Pillet 

■Jin. Radius. 

. Pillet 

J in. Radius. 

Sharp 

Corner. 

Nickel chrome shaft No. 1 

61-9 

57-0* 

48-0 

31-0 

46 

Nickel cln-ome shaft No. 2 

45-2 

46-0 

V , . 

29-4 

36 

Boiler Plato .... 

27-9 

27-6 


16-0 

42 


* 57-0«= +28-D to -28-5. 


md that the ratio of those resistances to the 
lorresponding maximum limiting resistances 
loes not vary greatly for the different 
naterials. 

(3) That in the case of the specimens having 
1 sudden change of section, the percentage 
■eduction of the limiting range appears to 


perceptibly lower than the normal. In some 
experiments carried out by the author the 
alternate stress range of some aero crank¬ 
shaft material was reduced from 56-0 ( + 28 to 
-28) to 49-0 tons/sep in. by a sharp scratch 
0-003 in. deep. 

There seems to he no doubt that many 
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fatigue failures attributed to faulty material are 
really due to unsuitable fillets, sharp corners, 
or surface scratches left during the process of 
machining. 

§ (74) Resistance oe Materials to Com¬ 
bined Stresses. —Frequent cases of the 
combination of stresses are met with in 
engineering practice, and the question of the 
resistance of materials to those stresses is 
now recognised as being of considerable 
importance. 

Stress applications may be of three types : 

(i.) Simple stress or stress in one direction. 

(ii.) Biaxial stress or two stresses acting in 
directions at right angles to each other in the 
same plane. 

(iii.) Triaxial stress or the application of three 
stresses at right angles to each other. 

With simple stresses, direct tension or 
compression, the practical constants (modulus 
of elasticity, elastic limit, yield stress, ultimate 
stress, Poisson’s ratio) are taken as a basis for 
design. With complex stress distribution the 
question arises as to the way in which these 
constants are to he used, and several different 
theories have been expounded to account for 
the method of failure of materials under 
combinations of stresses. 

The more important cases of compound 
stress, considered from an engineering stand¬ 
point, are biaxial. 

Shear is an example of biaxial stress because 
it is equivalent to the combination of two 
equal principal stresses, 1 one compression and 
the other tension, acting in directions at 45° 
with the shearing stress. Tims, in Fig. 109, 



the stress on the plane AB, at right angles 
to the axis, is pure shear, the intensity of 
which depends upon the diameter of the bar 
and the torque applied. This shear is a 
combination of tension along the 45° plane 
CD and compression along the plane EF. 
It is well known that mild steel and wrought 
iron fracture, in a torsion test, across the 
plane AB, i.e. a shearing failure, while cast 
iron breaks along the plane EF (i.e. fails in 
tension) because it is stronger in shear than 
in tension. , 

Other combinations of biaxial stress are : 

(a) The crank - shaft which is _ bent and 
twisted at the same time. This can he 

1 See “Elasticity, Theory of,” § (5). 


reduced to a case of tension combined with 
compression owing to the torque producing 
tension and compression on two planes at 
right angles as described above. 

(b) The shell of a steam boiler, which has 
to resist circumferential and longitudinal 
stresses, is an example of the combination of 
two tensions. 

(c) Plates, concrete slabs or floors sup¬ 
ported round the edges and loaded in the 
centre, are further examples of biaxial stress 
distribution. 

Three-dimensional stress is found in thick 
steel cylinders under internal pressure accom¬ 
panied by a longitudinal tension, also in 
concrete columns with spiral reinforcements, 
and in hooped guns. 

§ (75) Causes oe Failure in Combined 
Stress. — Investigators in the “ combined 
stress” Held of research havo first of all to 
decide upon what they consider the point of 
failure of a material. The elastic theory, 
being based on Hooke’s law, is reliable up to 
the elastic limit (limit of proportionality or P 
limit), and therefore, considered mathematic¬ 
ally, the elastic limit is the point of failure. 
This limit is dependent on the previous 
history of the material, and is therefore 
variable and indefinite. For experimental 
purposes the yield point is used, in a good 
many instances, as the criterion of failure; 
this is no doubt due to tlie method of testing 
which does not allow the tests to bo continued 
to the point of failure. 

The most important theories advanced to 
account for the failure of materials under 
combined stresses are: 

(i.) Maximum Stress Theory (Rankine).— 
This theory is that the material yields when 
one of the principal stresses reaches a certain 
amount. (The stress determined by a simple 
tensile test.) It assumes that a second stress, 
at right angles to the first, neither weakens nor 
strengthens tho*original stress. 

(ii.) Maximum Strain Theory (St. Vonant).— 
By this theory failure is assumed to occur 
when the maximum strain reaches a value 
equal in magnitude to that at tlio yield point 
stress of the simple tonsion or compression 
experiment. 

If a material is subjected to two or three 
stresses at right angles to each other, the 
maximum strain theory assumes that the 
strength is lowered if the stresses are opposite 
in sign and increased if they are of the same 
sigh. 

Thus if S x , S 2 , and S 3 are three stresses at 
right angles to each other, and e x , e 2 , and e 3 
are the unit strains in the direction of each 
of the respective stresses, also 

E = the modulus of elasticity (assumed 
to be constant) 

1 and 1/cr—Poisson’s ratio ; 
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then Eei=S l -i(S g + S s ), 

Ee 2 =S a - ~ (S 3 + S x ), 


Ee 3 =S 3 -i(S 1 + S 2 ). 


For simple tension S a and S 3 may be taken as 
zero and 


Ee 1 =S 1 , i.c. E=—= 

e i 


stress 

strain’ 


which is the expression of the modulus of 
elasticity. 

The maximum strain theory is mathematic¬ 
ally correct if it is assumed 

(a) to hold within the elastic limit. 

(b) that Hooke’s law is absolutely correct. 

(c) that the material is isotropic. 

( d) that the effect of temperature is 
negligible. 

By taking the yield point as the criterion 
of failure, the variation of “ E ” between the 
limit of proportionality and the yield point is 
assumed to be without effect on the results. 

(iii.) Maximum Shear Theory .—This theory 
assumes that the condition for initial yielding 
of a uniform ductile material corresponds to 
the existence of a specific shearing stress, the 
intermediate principal stress being without 
effect. 

This theory as originally proposed, by 
Coulomb in 1776, refers to rupture of 
the material. It is adopted in Guest’s 1 
well-known work (1900) where it is used in 
conjunction with the yield stress. It is 
approximately verified by W. Scoblo 2 and 
W. Mason. 3 

We can assume that simple tension is a case 
of combined triaxial stresses where two of the 
principal stresses are zero. Applying Guest’s 
law, the bar must fail in shear, and in this 
case the maximum shear occurs in a plane at 
45°, and the shear stress intensity is 50 per 
cent of the tensile unit stress. Seely and 
Putnam 4 find that the correct ratio of elastic 
shearing strength to the elastic tensile strength 
is 0-55 to 065, and therefore state that Guest’s 
law which assumes the value to be 0-5 is not 
a correct statement of the law of elastic 
breakdown. Becker 5 found this ratio to 


1 Strength of Materials under Combined Stresses,” 
Phil . Mag,, July 1900; and Thus. Hoc. Proc., 1899- 
1901, xvii, 202 . 

a “ Strength ancl Behaviour of Ductile Materials 
under Combined Stress,” Phil. Mag., Dec. 1906, 
xii. 533. 

8 “ Mild Steel Tubes in Compression and under 
Combined Stress,” Inst. Mech. Eng. Proc., 1909, 
part iv. 

1 University of Illinois Bulletin, No. 115, Nov. 10, 
1910. 

* “ The Strength and Stiffness of Steel under 
Biaxial Loading," University of Illinois Bulletin, No, 
85, April 10, 1916, 


be O'.56, and the author 0 obtained a ratio 
of 0-63 to 0'68 for steels with ultimate 
strengths of 23 and 30 tons per square inch 
respectively. 

Becker, 7 as the result of experimental work, 
proposes two laws of strength under combined 
stress, viz. : 

(1) That the strength at the yield point 
follows the Maximum Strain theory until the 
shearing stress reaches the value of the shear¬ 
ing yield point. 

(2) After this point failure occurs according 
to the Maximum Shear Theory. 

This suggestion appears to fit in very well 
with existing experimental work. 

The maximum shear stress theory has been 
modified by Perry to include a frictional term 
proportional to the stress and perpendicular 
to the plane of shear. Ho noticed that 
brittle materials fracture at angles greater 
than 45° with the cross-section and assumes 
that this is due to internal friction, 

If 0 = the angle found experimentally, 
U (the coefficient of friction) = tan <-/>, 
then 0 = 45°+ 0/2 for tension and 0 =45° -0/2 
for compression. 

Eor cast iron the angle (0) is found to be 
54|°, which gives a value of y of 0-35. 

If 0=0, this theory is the same as the 
maximum shear theory, and Perry suggests 
that this is the case for wrought iron and 
mild steel. 

(iv.) The Maximum Resilience Theory .— 
ITaigh c proposes that the elastic limit of a 
material under complex stress is reached when 
the energy per unit volume attains a certain 
definite value. He bases this view on thermo¬ 
dynamic considerations, and also finds that, 
when considered from the experimental aspect, 
the results fit in with this theory hotter 
than they do with either the maximum 
stress, maximum strain, or maximum shear 
theories. 

Malloek 0 considers the volume extension 
limit or the limit of shear as the fundamental 
limits of a material, and assumes that the 
material will fail when either limit has boon 
reached. 

§ (76) Experiments on Combined Stress.— 
Most experimental work has been carried out 
on ductile materials. Only a few experi¬ 
ments have been made with brittle materials 
and further research in this direction is 
needed. 

Test on thin tubes in combined tension and 


6 Batson, Inst. Mech. Eng. Proc., March 1917, 

p, 182. 

’ V The Strength and .Stiffness of Steel under 
Biaxial Loading,” University of Illinois Bulletin, No. 
85, April 10, 1910. 

* (‘The Strain-Energy Function and the, Elastic 
Limit, Report of British Association, 1919, and 
Engineering , Jan. 30, 1920, 

,, ° Soc -P roc - A, 1909, Ixxxii. 26-29, also 
Dec. 1912, p. 466. 
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torsion have been carried out by Guest, 1 
Hancock, 2 Turner, 3 Mason, 1 and Becker. 5 

Hancock and Turner used the limit of pro¬ 
portionality as the point of breakdown, Guest 
and Mason took the yield point, while Becker 
adopted the “ apparent ” elastic limit. This 
is a point between the limit of proportionality 
and the yield point where the slope of the 
tangent to the stress-strain curve is 50 per 
cent greater than it is at the origin. Seely 
and Putnam 0 also used the “ apparent ” elastic 
limit in their experiments. 

Guest, Turner, and Becker added internal 
fluid pressure in order to obtain an additional 
stress. 

Solid round specimens under tension or 
compression and torsion have been used by 
Hancock, Scoble, 7 and Smith, ® while the 
strength of thick cylinders under internal 
pressure has been determined by Turner, 
Cook and Robertson, 10 and Bridgeman. 11 

Crawford 12 used flat steel plates clamped at 
the edges and subjected to fluid pressure on 
one side. 

§ (77) Repeated Applications op Combined 
Stresses. —With repeated stress tests the 
limiting range of stress in fatigue is a value 
that can be definitely taken as the one at 
which the material fails. 

Although Wohler made tests under repeated 
tension and repeated torsion, his results are 
difficult to compare owing to lack of specific 
information regarding the material used in 
the tests. 

Both Turner and Stromeycr 13 have experi¬ 
mented with alternating torsion; the former 
found that the more ductile materials approxi¬ 
mated to tiro maximum shear stress law, while 
the more brittle samples were more nearly in 
agreement with the maximum strain theory. 


1 “ Strength of Materials under Combined Strew,” 
Phil, Mao., July 1900; and Phys. Soo. Proa., 1899- 

9 fang. News, Ang. 24, 1905, liv, and Rept. 2, 
1909, lxll,, and Phil. Mat]., Oct. 190(1, Eeb. 1908, 
and Nov. 1008. - T . 0Q 

a Engineering > Folx 1000, Ixxxvih, und July 

1 °* 1 « Mild Steel Tubes in Compression and under 
Combined 8tress,” Inst, Meek . Eng. Jtoc .» 190.), 

Pa ' |l “The, Strength and Stiffness of Steel imd«r 
Biaxial Loading,” University of Illinois JhuliUn, 

N( "' Unfomity%Einois Bulletin, No. 115, Nov. 10, 

10,1 Strength and Behaviour of .Ductile Materials 
under Combined Stress,” Phil. Mag., Dee. 1900, 

* Engineering, Aug. 20,1909, lxxxviii • Inst.Mech. 
Eng Pm., 1909, partiv.; Inst, of Metals Journ., 1909, 
Iran and Steel Inst. Journ., 1910. T , 

0 Engineering, Fob. 1909, Ixxxvii., aud July 28, 

1!) i l o'"‘< The Strength of Thick Hollow Cylinders under 
Internal Pressure,” Engineering , Dec. 15, 191J, 

vftii 

A Phil. Mag., Jan. and July 1912. 

19 Boy. Soe. Edinburgh Proe., 1911-1912. 

19 Manchester Steam Users’ Assoc, Mem. by 
Chief Engineer for the year 1913. 


The only experiments so far carried out on 
combined torsion and bending were those by 
Stanton and Batson. 11 A diagrammatic sketch 
of the arrangement which was adopted is 
given in Fig. 110. In the position shown the 
cross-section of the specimen at S rs subject 
to a twisting moment W.D, and to a bending 
moment W d. When the head had turned 
through 180° the moments wore equal in 
amount but opposite in sign. When the head 
had turned through 90° from the position 
shown the maximum stress was that due to a 
bending moment WD plus that due to tiro 
direct loading, but as in all cases this stress 
was below the known fatigue limit of the 
material under reversals of simple bending, 
its effect was taken to be negligible, and 
the specimen was assumed to he subject to 



reversals of the combination of bending and 
twisting alone. 

§ (78) Alternating Bending Tests beyond 
the Yield Point.— -The principal objection 
to the commercial adoption of repeated stress 
tests is the time and expense of conducting 
tests in which millions of applications of stress 
are required in order to obtain the result. 

Many machines have boon designed in which 
the test piece is broken rapidly under alter¬ 
nating stresses which exceed the yield point. 
Such tests do not give information as to relative 
“fatigue” strength of materials, but have 
been found useful as indicating mechanical 
defects, incorrect heat treatment, and brittle- 


iohh. , . , , . 

(i.) ArnoldTedingMacMnc. n —lnl]m test, m 

is latest form, a test piece | in. diameter and 
5 to 0 in. long is firmly fixed at one end 
n a vortical position in the vice of the machine, 
[t is bent backward and forward, through a 
distance of -f in. on either side of the vertical 
at a height of 3 in. above the face of 
the dies, by a slotted steel head fixed to tho 
reciprocating part of the machine, the 
length of slot is larger than tho diameter of 
the test piece (usually ■$ in. with a stroke of the 
machine of 11 in.), so that an impact or shook 
is introduced at each alternation of stress. 
The standard speed adopted is-650 alternations 

Report of the British Association, Newcastle, 1950. 

111 “ factors of Safety in Marino Engineering, 
Engineering, 1908, lxxxv. 598, 
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per minute. The number of alternations to 
fracture is recorded. Arnold and other inves¬ 
tigators improvised shaping or slotting 
machines to perform the test. 

It should be noted that, in his earlier work, 
Arnold 1 used a test piece §• in. square with 
tiie iorce applied 4 in. above the line of 
maximum stress. The deflection was 4 in. 
or -j'V m. on either side of the vertical, “and 



the number of. alternations was 168 to 266 
per mrnute. 

(ii.) Landgraf. Turner Alternating Impact 
Machine—Tim machine is especially designed 
and constructed to carry out the Arnold test in 
order to standardise the conditions employed. 
In place of the straight line movement of the 
shaping machine a rocker arm is substituted 
{ yf{- L1 \} *0 economise space and, by reason 
ot its radius being equal to the free length of 
the test piece, maintain a constant leverage 
during the whole stroke. & 

The number of alternations are recorded bv 
a veeder counter which stops registering when 
the test 211006 breaks. The test piece i s f i n . 

from < tlm , + bUt ’ 7? ^ macMne > tlie distance 
from the top of the vice to the striking point 

of the hammer is 4 in. instead of 3 in 
as used by Arnold in his latest experiments. 

-tins machine is manufactured in the U S A 
by Queen & Co., Philadelphia. 

J. B. ICommers 2 of the Univcrsitv of Wis- 

r?r, haS f r ied 0ut an investigation with 
& Landgraf-Turner machine. He summarises 
his results as follows : 

J! f ^ ei T important factor in a repeated 
stress test similar to that performed by the 
Landgraf-lumer machine is the amount of 
deflection which the specimen receives. When 

En£:i;, Si; ?■;»“' 1903, and 

A “°°- 


the deflections are less than 0-30 in. the 
change in the number of cycles required for 
rupture is very great even for small changes in 
the amount of deflection. 

(b) Impact applied to the specimen * has 
practically no effect upon the number of cycles 
required for rupture. 

(c) At speeds of about 700 cycles per minute 
the number of cycles for rupture is slightly 
less than at speeds of about 150, but for small 
changes of speed this effect is practically 
negligible. When the deflection is small the 
Jesuits on the same material do not seem to 
be as uniform as when the deflection is about 
0-30 in. or more. 

(d) The condition of the surface of the speci¬ 
men lias an important effect upon the number 
ot cycles required for rupture. 

. (di.) Sanhey Hand Bending Test . B —The prin¬ 
ciple on which the test is based is to bend back¬ 
wards and forwards a test piece f in. diameter 
and 4 in long through a fixed angle until 
failure, the number of bends and energy 
required for each bend being recorded. The 
test is carried out on a machine, manufac- 
tm-ed by C. F. Casella & Co., Ltd., and shown 
^grammatically in Fig. 112. A flat steel 
lxmg 13 lias one end gripped in a vice A 



Fig. 112. 

which forms part of the bedplate, and the 
other secured to a holder 0 in which the test 
piece D is fixed The test piece is also held 
i a handle E, 3 feet long, by which it is bent 
backwards and forwards through an angle of 
91* located by the indicators F and F. 

. Tae enei 'gy required to bend the test piece 
is measured by the deflection of the spring B, 

thp t dn 1 fn, re C 0rd S °? tIle paper attach «l to 
the drum G. The horizontal motion of the 

pened H lg actuated by the holder 0 
through wires L and M and the multiplying 

Si 209 ' 





ELASTIC CONSTANTS 


189 


pulley N. The wire is kept taut by a spring 
box 0, but this is sometimes replaced by a 
weight hanging from the -wire M which then 
passes over a vertical pulley. The motion 
of the pencil is proportional to the energy 
required to bend the test piece. The diagram 
is calibrated by noting the length which corre¬ 
sponds to a measured pull at a known leverage 
from the point of bending of the test piece. 
The movement of the pencil holder II moves 
the drum through one tooth of a ratchet 
wheel K, which is attached to it so that a 
diagram is drawn such as is shown on the 
drum in the illustration. 

The practical value of the Sankey test is 
stated by Hatfield, 1 win* carried out an exten¬ 
sive series with it, to be as follows : 

“The energy absorbed in breaking the 
Sankey test piece is practically proportional 
to the product of the average bending moment 
and the number of bends withstood. These 
two items may be compared roughly to the 
maximum stress and reduction of area in the 
tensile test, i.e. for conditions of increasing 
hardness in .general, the maximum bending 
moment increases and the number of bonds 
decreases. It is necessary that we should 
point out that in a number of instances wo 
have obtained high absorptions of energy with 
high tensile. 

“The maximum bending moment in the 
Sankey test follows the maximum stress in 
tension fairly closely, so that the latter values 
can be predicted within a few tons per square 
inch from the Sankey values. The variation 
found in the values of the numbor of bonds 
in the Sankey are rather wider and of a less 
predictable nature. In tli is respect the Sankey 
test discriminates and emphasises a certain 
quality of the material in a manner not 
similarly brought out in other tests, except 
perhaps to some extent in the Arnold test. 
From a knowledge of the quality of the steel, 
its analysis, etc., experience has shown that 
fairly definite values of ductility in tho tensile 
tost, as measured, for example, by tho reduction 
of area, can bo expected in. conjunction with 
given values of tensile strength if tho steel is 
free from defects. Similarly the number of 
bends in the Sankey test should roach such 
values which with experience of the test may 
also be fairly definitely established, There 
are, however, several outstanding exceptions. 
It certainly appoars that samples, which gave 
Sankey values well below what has been pre¬ 
dicted from an average good steel of the same 
tensile strength, were in nearly all oases also 
somewhat inferior in reduction of area.” 

The diameter of the Sankey test piece is 
$■ in. and its free length If in, 
to the fact that the machine, as supplied, is 


i Hatfield and Duncan, N.E. Coast Inst. of Eng 
and Shipbuilders Proc„ March 19, 1920. 


not suitable for steels of higher tensile strength 
than 50 to 60 tons per square inch, Hatfield 
suggests a test piece 0-3 in. diameter and 
free length If in. for these steels. 

Sankey 2 gives the following constants for 
inferring statio test results from those obtained 
on his hand bending machine : 

Yield point (tons per sq. in.) 

initial bending effort in lbs. -ft 
O “ 

where 0 = 2-1 for steels up to 0-3 per cent 
carbon and 2-7 for medium carbon 
steel. 

Ultimate strength (tons per sq. in.) _ 

_ maximum b onding effort in lbs.-ft. 

Elongation (on gauge length=4 \/Area) x 
reduction of area 

numbor of b ends 
“ ' -• 

(iv.) The Upton Lewis 3 toughness testing 
machine, manufactured by Tiniua Olsen Testing 
Maoliino Co. (English agent, Edward G. 
Herbert, Ltd., Manchester) is very similar in 
principle to tho Sankey machine. It is, 
however, operated by a motor or belt-drive 
giving 250 alternations per minute instead 



Fig. 113. 


of by hand, and tho method of measuring 
and recording the energy absorbed is slightly 
different. Referring to Fig. 1.13, where tho 
machine is shown diagrammatioally, tho tost 
piece 0 is bent backwards and forwards by 
an arm operated from tho adjustable crank M. 
The energy is measured by the amount of 
the compression of the springs EE, which is 

a Sankey, Blount, and KirkaMy, Inst. Mach. Eng, 
Proc., May 1910. ’ 

8 American Machinist, Oct. 17, 1912. 
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recorded by the bell-crank indicator G marking 
on a continuous recording paper H. The 
form of diagram is shown in Fig. 113a. 



Tig. U3a. 


(v.) Other Investigators and Machines. —Bou- 
douard 1 used a machine in which one end of 
the specimen was clamped in a vice and the 
free end vibrated. The vibrations were main¬ 
tained electromagnetically, and the oscillations 
were recorded optically and photographically. 

Schuchart 2 tested wire under repeated bend¬ 
ing. The ware AA r as gripped in curved-faced 
jaAvs and bent backAvards and forwards into 
contact Avith the curved faces. 

Huntingdon 3 applied alternate bending by 
means of an attachment to a shaping machine. 

§ (79) Hardness and Abrasion Tests. —An 
examination of the methods employed in hard¬ 
ness testing shows that each of them falls into 
one or other of two distinct categories. These 
are: 

(i.) Indentation tests, in which the surface 
of the material under test is permanently 
distorted by the pressure of a hard steel 
ball, cone, or knife edge. 

(ii.) Abrasion or scratch tests, in Avhich par¬ 
ticles of the material whose “ hardness ” is to 
be determined 'are torn a\vay from its surface 
by sliding contact with some other substance 
whose corresponding resistance is so high that 
its surface remains unimpaired by the action. 

If each of these methods were a measure 
of the same definite property of the material 
Avhich is as characteristic of it as, say, its 
elasticity, it is evident that the ratio of the 
results of any two of the methods Avould be 
the same for every material tested. Com¬ 
parisons between the results of these various 
tests have formed the subject of several 
researches whieh have been published during 
recent years. The general conclusions as sum¬ 
marised by Turner 4 appear to be that, although 
an approximate agreement may seem to exist 
betAveen the various methods when applied to 
the case of relatively pure metals in their cast 
or normal state, yet when the resistance to 
deformation is due to tempering or to mechan¬ 
ical treatment no comparison is possible. 

That this should be so Avould seem to follow 
from the consideration that the resistance 
Avhich any so-called hardness is supposed to 



hit. rissoe. Test. Mat. Proc.., 1912, Paper V„ 
Stahl und Eigen , July 1, 1908. 

Inst . of Metals J., 1915. 

“ Hardness,” Iron and Steel Inst. J., 1909 


measure is that Avhich the body under tost 
exerts against a complex distribution of stress 
over its surface which has partially deformed 
or disintegrated it, and it is evident that its 
value Avill depend, not on the stress constants 
of the material such as its yield point, ultimate 
tensile and shear stresses, but on intermediate 
stresses, the precise nature and distribution 
of which are unknown and whose ratio to tho 
stress constants may not be tho same for tho 
same method. If, therefore, such resistance, 
Avithout qualification, be defined as tho hard¬ 
ness of the material in its broadest sense, it 
is clear that hardness is no more a definite 
quality of a material than is the strength of 
a piece of steel of definite dimensions. In tho 
latter case, if the nature, amount, and distri¬ 
bution of the stress are known, its resistance 
has a definite value Avhich can ho calculated. 
The only difference between this case and that 
of the hardness test is that, since in tho deter¬ 
mination of hardness there is no possibility 
of estimating tho stress magnitude and distri¬ 
bution, we are driven more to direct obser¬ 
vation of the consequences of such distribution 
than to a calculation of these consequences 
from the lmoAvn characteristics of tho material. 
Mechanical phenomena of this kind are 
familiar to engineers under other aspects, such 
as in the case of tho resistance of ships and 
aircraft to propulsion; but whereas in these 
latter cases the problem is to determine the 
resultant force exerted by tho unknown press¬ 
ure distribution, in the present ease, as in 
the corresponding one of tho resistance of 
materials to impact, tho unknown quality is 
the ultimate resistance of tho material to the 
unknown stress distribution. In all tho cases, 
however, the practical method of solution is 
an experimental one, and consists of setting 
up a similar, or nearly similar, state of stress 
on a specimen of the material whoso behaviour 
is under investigation, and noting its effects. 

II. Le Chatelior says, “ Tho problem there¬ 
fore seems to he to establish' two or three 
methods of reference for hardness, giving as 
widely different results as possible, so that 
hardness (which is an essentially complex 
phenomenon) may bo studied under all its 
phases. Afterwards, for each, particular ap¬ 
plication the reference method which, is most 
applicable to the conditions may bo used.” 

That this view is now being accepted is 
indicated by the development, in recent years, 
of AAdjat are called wear tests. Tor example, 
there are wear tests for measuring the 
particular form of disintegration which takes 
place on the surface of steel rails due to tho 
rolling abrasion of heavily loaded Avheols. 
The characteristics of this kind of wear are 
the extremely small amount of the relative 
movement between rail and wheel and tho 
high intensity of the compressive stress at 
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tlie lino of contact. On the other hand, there 
are wear tests of lubricated surfaces in which 
the pressure is relatively small and the rate of 
slipping large, and the same conditions of 
-wear occur, without lubrication, with pins and 
check gauges. 

§ (80) Indentation Tests.— The indentation 
method of determining hardness has been 
applied in three ways : 

(i.) By testing the material with itself. 

(ii.) Bv pressing (statically) a harder material 
into the material under test. 

(iii.) By producing the indentation by drop¬ 
ping a ball- or cone-pointed hammer on to the 
material and measuring the rebound of the 
hammer or size of the indentation. 

(i.) The Material mad with Itself— Reaumur 1 
in 1722 shaped right-angled prisms from two 
materials which were to bo compared and 
pressed them together. The axes of the prisms 
were at 90°, and the right-angled edges came 
into contact, forming a cross. The relative 
hardness was measured by the depths of the 


whereas Calvert and Johnson used a truncated 
cone and a depth, of 3-5 mm., Kirscli employed 
a cylindrical plunger of 5 mm. diameter and 
a depth of 0-01 mm. 

The test adopted in 1850 by the United 
States Ordnance Department 0 was a deter¬ 
mination of the volume of the indentation 
produced by a pyramidal point under a load ot 



Reaumur (i 7 m0 Foeppl Haigh (xgw) 


indentations. 

A. Foeppl 2 used two cylindrical test pieces 
of the material whose hardness was required. 
They were placed one on the other, with 
their axes at right angles, and wore pressed 
together in a testing machine. Foeppl used 
the pressure per unit of flattened surface as 
a measure of the hardness, because he found 
that the surface of indentation was propor¬ 
tional to the pressure applied. 

Haigh 3 has recently ro-introduced the test 
with the substitution of square for cylindrical 
or triangular prisms. Ho gives tlio hardness 
number as=L/R a , , 


where L=the load . j 

and R=tho length of damaged edge of prism. 

Reaumur, Foeppl, and llaigh’s methods are 
shown diagrainraatically in $iff> H4. 

The necessity for the use of two test pieces 
is probably the reason why this method of 
test is not commonly applied. There is, 
however, no limit to the hardness of the 
material which can ho tested, as the test L 
independent of the use of a harder matoual 
as an indenting tool. . 

(ii.) The Material tested with an _ Indenting 
Tool (statically). —-Many different kinds of in¬ 
denting tool have been tried and many ways 
have been suggested, to express the relative 
indenting hardness. 

Calvert and Johnson 4 and Iursch 8 deter¬ 
mined the load required to produce a 
permanent indentation of a given depth, but, 


1 L’Art de convertir, 1722, pp. 200 and 209. 

2 Ann. Phils. Ohm. 03, i. 10.5-108. 

11 “Prism Hardness, Inst. Mem. ling, jowrn., 


Hardness of Metals and Alloys,” 'Phil. Mag. 
4tt « Je*. technologischcn Gewarbe- 

Musrnms, Wien, 1801, p. 108. 


Fid, 111. 


10,000 lbs. A volume of 0*5 cubio inch was 
taken as unit hardness. 

Middloberg 7 used an indenting tool, in the 
form of a curved knife edge, for studying the 
hardness of tyres. The knife edge was 
•J inch long, had an angle of 30®, and was 
formed with an edge curved to 1 inch, radius. 
The reciprocal of the length of the indentation 
under a load of (5000 lbs. was taken as a 
measure of the hardness. 

Unwin 8 also employed a knife edge, but 
in his case it was straight and consisted of a 
piece of hardened and ground f-iuoh squaro 
steel, U inches in length. Each tool thus 
had four indenting edges having angles of 
90°. Tho material tested was formed into 
test bars $" x V x 2|", and the knife edge was 
placed on the bar at right angles to its length, 
overlapping it by | inch on each side. The 
hardness number was taken, as P/H, 


where P—the load in tons 
and II=tho depth of tho indentation in 
inches. 


(iii.) Brinell Hardness Test.— Tho method of 
tost devised by J. A. Brinell 0 in 1900 is now 
extensively employed. A hardenod steel ball 
is pressed under a known load into the material 
to'bo tested, and tho hardness number is 
taken as tho stress per unit of spherical area. 
The reason why Brinell used tho spherical 
area is not clear, as there docs not appear to 
ho any advantage gained by using it instead 
of the projected area (7rd 2 /4). 


Report on Metals for Gannon, I860. 

7 Engineering, 1880, ii. 481. 

8 Tnst Civ. Eng, Proa., 1,807, exxix, 

• “Methods of Testing Steel,” Inter, Assoc. Pest. 
Mat, Proa., 1001 (Paris), ii. 81. 
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If P=pressure in kilograms, 

D=diameter of the ball used in millimetres, 
d =diameter of the indentation in milli¬ 
metres, 

li —the depth of indentation in millimetres 
(see Fig. 115), 

then h=i(D- \ D 2 - d 2 ) mm., 
and the spherical area of indentation 


A=7rI)7i=-?(D - \/D 2 -ci! 2 ) sq. mm. 

The Brinell Hardness Number=H=P/A. 

The diameter (d) is usually measured by a 
micrometer microscope. By the use of some 
forms of Brinell instruments the depth (7q) of 
the indentation is taken as the test proceeds 
(see § (87)). With these instruments the depth 
which is measured is and not 7t (see Fig. 115). 
It should be noted that, owing to the rising of 



the edges of the Brinell indentation, 7q is not 
equal to h, and, as the amount of this side ex¬ 
trusion is not the same with different materials 1 
under similar conditions, the ratio of hjh is not 
always constant. It therefore follows that the 
hardness number obtained in this way is not 
the hardness number as defined by Brinell. 

It is found that the hardness number varies 
with the diameter of the ball, and pressure 
employed. For strictly comparable results 
fixed values must be used for D and P. The 
values standardised by Brinell are : 

D-10 mm. and P=3000 kilograms except 
for soft materials, when a value of P=500 
kilograms may be used. 

(iv.) Variation of Brinell Hardness with 
Pressure and Diameter of Ball- 0. Benedick 2 
of Upsala showed that within the range of 
his tests the value of (P X |'D)/A was nearly 
constant, and that with a ball of diameter 
Hi and load of 3000 kilograms Bxinell’s 
hardness number=(Px Ofl ) X /10)/A. 

In order to allow for variation of pressure, 
,^ e Chatefier 3 proposed the further 
uodifieation 

rov B wi“ p‘‘ l6. dnes3 Tests " InsL Mech - En <>- Proc, 
^o-chimigues S ur 
Revue de Mitallurgie, 1906, iii. 689. 


II: 


X 


y Di 

V io 


20,000 

10 ■' 17,000 -! P 


where H = Brinell hardness number, 

Pjsload employed in kilograms, 
Ai=sphericai area of tlio indentation 
(calculated from the diameter) 
in sq. nun., 

D t =diameter of tlio ball used. 

Both the equations suggested by Benedick 
and Le Chateiior are ompyrioal and only give 
approximate values. 

E. Meyer 4 in some published results in 190ft 
showed (1) that P=ad n , whore n is a con¬ 
stant depending on tlio material, and a is a 
constant for a given material and given bull 
diameter; (2) that the moan pressure per unit 
area (4P/w#) is constant for a gi ven angle of 
indentation, whatever the diameter of tlio ball. 

It follows from Meyer’s law of comparison 
that, as dj D and P/]W 3 are constant for 
similar indentations on the same material, 
P/D 2 is also constant, 
where P=pressure, 

d= diameter of impression, and 
D=diameter of the ball. 

This relationship is useful where the piece of 
material is so small that a pressure of 8000 
kilograms cannot bo applied with a 10 mm, 
ball. It is then only necessary to use a 
smaller ball and a load determined by the 
above relationship to obtain the standard 
hardness number required; thus, if a ball 5 mm. 
diameter (= DJ is used, the load to bo applied is 

_PxD, 2 3000X5 2 
“ Ij2“" - .“750 kilograms. 

Some results obtained by Baker 8 and given 
in Table 31 show remarkably good agreement 
of the hardness numbers obtained in this way. 

Tablig 31 

Comparison op Biunnu. Mahdnighh Numb i;hh wiiion 
usino Balls op Dippmuisn'i' Diamktmkh 


Steel, 


Diameter 
of Ball In 
nun. 


10 

7 

5 

1-19 

10 

7 

5 

1-19 

10 

7 

5 

1-19 


ImiiroHSltm. 

mm. 

0*3 

I'd 

3- 13 
0-748 

4- 75 
3-33 

2- 35 
0-567 

3- 48 
%2-43 

1-76 

0-411 


.*.' ■ 

... -j 

Load. 

Brinell 

kg. 

Bo. 

3000 

85 

4l .1: l W 

750 

85 

87 

42-5 

80 

3000 

160 

1470 

168 

750 

163 

42-5 

158 

3000 

306 

1470 

308 

750 

310 

42-5 

311 


smis v mines jDeutsch. Xng., 1908 n 64 fi 
Imt. Mech. Eng. Proc., Oofc*l0lS,*p!*540?* 
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(v.) Size of Test Piece and Effect of Time on I 
the Results and the Applications of the Brinell 
Hardness Test.— H. Moore 1 found that 

(1) The depth of the indentation in a Brinell 
test should not be greater than 1/7 of the 
thickness of the test piece. 

(2) The centre of the indentation should 
not he less than 21- times its diameter from 
the edge of the test piece. 

The time during which the pressure is 
applied is important. It is found that the 
time effect is most marked up to about 10 
seconds’ application of the load, but after 
about 10 seconds the effect is very small. 
Consequently it is usual in specifications to 
draft the Brinell hardness test clause as follows: 

“ The Brinell hardness test, where specified, 
flK H be made with a 10-mm. diameter ball 
and a load of 3000 kilograms, which shall be 
maintained for not less than 15 seconds. Prior 
to testing, the skin of the sample shall be 
removed by filing, proper grinding, or machin¬ 
ing at the point to be tested.” 

Among the most important applications of 
the Brinell test are the folloAving : 

(i.) For rapid control of chemical carbon 
determinations during iron and steel smelting. 

(ii.) For testing finished articles without 
damaging the same, such as rails, tyres, 
armour plates, gun-barrels of all kinds, struc¬ 
tural steel, etc. 

(iii.) For examining the nature of the 
material in entire or broken parts of machinery 
where the making of a tensile test bar is 
impossible. 

(iv.) For testing the degree of hardness and 
softness obtainable by the thermal treatment 
of any steel. 

(v.) For testing uniformity of temper. 

(vi.) For ascertaining the effect of the nature 
and. temperature of various hardening fluids, 
(vii.) For studying the effect of cold working. 
It has been shown by numerous observers 
(Ast, Breuil, Brinell, Charpy, Dillnor, Lo 
Chatelior, eto.) that there is a close relation¬ 
ship between the Brinell hardness number and 
the ultimate tensile strength of a material. 

Dillnor 2 finds that, in the case of steel, 
tensile strength in tons/sq. in. =0 x Brinell 
hardness number. The values of “ G ” are 
as follows: 



Valuo of “ CV* Ball 


I'roBBura normal to 

Nn. 

tlio IHm-Mim of 

ltoUIutc. 

Below 175 . 

0-230 

Above 175 . 

0-219 


Valuo of “ O," Bull 
I’ruwmvo in tlu> 
IUrootlon of ILillliw. 


0-225 

0-206 


been 


1 “ Investigation on the Brinell Method of <leta> 
mining Hardness,” Inter. Assoc. Test. Mat. Proc., 

19 ’ K ”Researelves concerning the Relation botween 
Hardness Number and Tensile Strength, Engineer¬ 
ing, Nov. 9, 1906, 1 ). 688. 

von. i 


Unwin 3 deduced the following constants 
from a table compiled by Iladfield : 

T = 0-2H + 6, 

Y=0-2311 -13-5, 

where II is the Brinell number (in kilogrammes/ 
sq. mm.), 

T = Ultimate tensile strength in tons per 
square inch, 

Y = Yield stress in tons per square inch. 

§ (81) Brinell Hardness Testing 
Machines. —The Brinell hardness test is quite 
conveniently carried out in any machine in 
which a pressure of 3000 kilograms can he 
accurately applied, such as a universal testing 
machine having a compression attachment, by 
the use of a special tool for holding the ball. 

Special machines have, however, 
developed for the 
purpose, and 
these are of two 
main types; 

(а) In which 
the load is applied 
by oil pressure 
and measured by 
a pressure gauge 
or dead - weight 
control. 

(б) Dead-weight 
or lever machines. 

(i.) Jackman's 
Oil Pressure 
Brinell Machine. 

—An example of 
the first type of 
machine is shown 
in Fig. 116. This 
is the apparatus 
supplied by J. 

W. Jackman & 

Go., Limited, 

Caxton House, 

Westminster, of 
the Aktiebolaget Alpha (Sweden) design. 

The ball K~is attached to the downwardly 
acting ram of a hydraulic press. The test 
piece is placed on the adjustable table S, 
and is raised into contact with the hall by tlie 
hand-wheel r. The pressure is produced by 
a small hand-pump, and may bo road directly 
in kilograms on a pressure gauge. Uio 
maohine is also provided with a dead-weight 
control consisting of a piston, accurately 
fitted without packing, oarrying a cross bar 
■i, small cylinder a, and weights p. The 
small cylindor is connected to the top of the 
press so that the intensity of pressure is the 
same on the piston as on the ram. . The 
maximum pressure is regulated by the weights 
p, and when this pressure is reached the 

» “ Mechanical Properties of Materials,” Inst. Mech. 
Eng. Proc., Oct. 1918, p. 432. 



Era. 11.0. 


O 
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piston rises in the cylinder. The pressure 
remains constant as long as the piston “ floats,” 
forming a small hydraulic accumulator. 

The small piston is formed by a. steel ball, 
and the piston rod has a cup - shaped end 
which presses on the ball. Any leakage of 
oil past the piston is collected in a receptacle 
d, from which it is returned to the reservoir 
through the funnel t. 

The pressure is released by opening a valve 
v which connects the tap of the pressure 
chamber with the reservoir. 

(ii.) Avery's Dead-weight Brinell Machine .— 
The arrangement of this machine is shown in 
Fig. 117. The specimen is placed on the 


is then screwed up tightly, to secure tho 
locking plate / and prevent the rotation of 
the screw. The pressure is then applied, by 
means of a worm and worm-wheel h operated 
by the large hand-wheel g at the side of the 
machine. The weights p are “ set ” for the 
prescribed load, and the lifting of the steel¬ 
yards indicates that this load is applied. 

The system of levers for measuring tho 
pressure is that adopted by W. & T. Avery, 
Ltd., Birmingham, in ail their platform 
weighing machines, and is found to be ex¬ 
tremely sensitive to small differences of load. 

The leverage of the machine can bo obtained 
directly by measurement, but it is also 




calibrated by dead - weight loading on the 
platens s. 

§ (82) The Johnson Hardness Testing 
Machine (manufactured by Brown Bayleys 
Steel Works, Ltd., Sheffield).-—This machine 
has been devised to ensure rapid and accurate 
working and at the same time withstand rough 
workshop use, require practically no attention 
or adjustment, and he easily movable from 
place to place without detriment. Tho total 
weight of the machine is only 100 lbs., and its 
over-all dimensions are 28 x 22 x 9". It will take 
test pieces in. thick, and the indentation 


Frn. 117. 

weighing platen s, and if of any considerable 
size its weight is “ tared off ” by moving one 
of the sliding poises c upon the weighing 
steelyards until tlie weighing system is 
balanced. The ball h is then brought into 
contact with the test piece by lowering the 
screw by which the pressure is applied. This 
is done quickly by unscrewing the thumb¬ 
screw A at the top of the standard, and 
revolving the screw by the small hand-wheel 
d which is keyed to it. The thumb-screw 


can be made at distances up to 3£ in. from 
the edge. The arrangement of the machine is 
shown in Fig. 118. 

(i.) Description of the Machine .—Pressure is 
applied to the steel ball A by means of 
the lever B and ball - bearing eccentric C 
through the single lever D and screw E. 
The other end of the lever I) is held by an 
eccentric in ball-bearings F, to one of which 
is attached the lever G and weight H. 
The weight H is raised by the eocentric F 
when the pressure on the ball A reaches 3000 
kilos, and any further movement of the 




ELASTIC CONSTANTS 


195 


:ing lever B tending to apply further 
re on the ball only results in raising 
sight still more. 

-Method of making Test .—The specimen 
tested (which must have a-smooth flat 
e) is placed on the table 
lie adjusting screw E is 
lorought down until the b! 
ball A rests on the pre¬ 
surface of the specimen, 
lever B is then pulled 


D" 


T 




! M 

im JL : 

i TTiT 


22 inches 


ard until the weight II rises, allowing 
pawl J to fall into the toothed sector 
which will automatically prevent any 
ror movement of the lever B. The 
may be kept on for any desired length 
ime by means of the retaining pawl L, 
jlx is moved in and out of position by 
ns of the knurled handle M. In order 
si ease the pressure the lever B is replaced 
;,s original vertical position and the adjust- 
aesrew E raised.’ 

(33) Brinell Pliers. —For ascertaining the 
roll hardness of small and thin specimens, 
x as cartridge cases, RudgoWhitworth, Ltd., 
o devised a hand instrument which they 
Brinell pliers. They are shown in Fig. 119 
consist essentially of a pair of pliers one 
e of which serves as an anvil for supporting 
cartridge case 0 or specimen to be tested, 


the other nose carrying a cylinder fitted with 
a piston, at the back of which is a spring. J he 
end of the piston stem projects a short distance 
and carries a small hardened steel ball B ^ in. 
diameter. A locking arrangement L enables 
one to adjust the compression on the 
spring, the usual pressure being 22 lbs. 

To operate the instrument, the speci¬ 
men is placed between the anvil and the 
ball, and the plier handles are. grasped 
and the pressure applied. This brings 
the specimen into contact with the ball, 
and forces the ball and piston back 
until the surface of the specimen comes 
into contact with the face 
through which the ball pro¬ 
jects. Consequently, the 
actual pressure between the 
ball and the specimen is quite 
independent of the pressure 
exerted by hand. 

The diameter of the in¬ 
dentation is measured micro¬ 
scopically and the readings 
are quite definite, even on 
hardened spring steel. 

The instrument found extensive use 
controlling the manufacture of small- 
arms ammunition. It lias also been 
employed for measuring the skin hard¬ 
ness of many varieties of 
+4 hardened steel articles. 

§ (84) Small Machines 

FOB TESTING THE BbTNELL 

Hardness of Thin Sheet. 
—Goodalo and Banks 1 de¬ 
veloped a “ Baby ” Brinell 
maohino for testing thin, sheet, using a ball 
in. in diameter and a load of 15 kilograms. 
They found that great care had to be exercised 
| in the manner in which the load was applied. 
Two methods of operation were tried, viz. : 

(1) The test piece was placed on the anvil 
and the ball pressed on to it until sufficient 
pressure was exerted to raise the balance beam. 

(2) The test piece was forced, under a given 




fig. no. 


ball 


load, into contact with tho ball, 
remained in a fixed position. 

The second method gave smaller and more 

1 “Development of Brinell Hardness Tests on 
Thin Brass Sheet,” Amer. Soc. Test. Mat. six. 758. 
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consistent results than the first, and was 
therefore incorporated in the design of their 
final machine. The load was applied by a 
dead weight of 15 kilos, and the diameter of 
the impression was measured with a metal¬ 
lurgical microscope with a 16-mm. objective 
and a filar micrometer type of eye-piece. 

Similar work has been carried out hi Eng¬ 
land ; 1 the hall used, however, was 1 mm. 
diameter. 

It is essential for the measurement of small 
indentations that there should be vertical 
illumination. 

§ (85) The Ludwik Hardness Test. —In 
order to overcome the variation in the Brinell 
hardness number with load and size of ball, 
Ludwik 2 proposed substituting a 90° cone for 
the ball, and this form of indenting tool is 
now often used on the Continent for the softer 
metals. The hardness number is obtained by 
means of this test in the same way as with 
the Brinell Test, i.e. the test load in kilograms 
is divided by the surface of the conical in¬ 
dentation in sq. mm., so that if 
P=tho load, 

and d= diameter of indentation, 

p 

Hardness number=H=- T 77 wr.>, / /-a 

ir{d/2) x [dj J2) 

=0 9(P/VJ 2 ) approximately. 
With this apparatus the hardness number is 
the same whatever the load chosen, if the 
material is homogeneous. 

§ (86) Measuring Microscopes for Hard¬ 
ness Tests. — For commercial work the 
diameter of the indentation is measured to 
the nearest 0-05 mm., and for this purpose 
a microscope with a scale in the eye-piece 



Pig. 120. 


is usually supplied with the Brinell apparatus. 
To facilitate the reading of impressions made 
in corners or below the general surface of the 
specimen, the microscope is sometimes pro¬ 
vided with a special adaptable pieoe. 

For research work an accuracy of 0-001 mm. 
is essential, and an instrument such as is 
supplied by the Cambridge & Paul Instru¬ 
ment Co., Ltd., and shown in Fig. 120, is 


1 Moore, “A Small Ball Hardness Testing 
Machine, ’ Inst. Mech. Eng. Journ,, Jan, 1021. 

a “ Hardness Tests,” Inter. Assoc. Test. Materials 
Proc., 1908, Ho. 6. 


necessary for the purpose. It consists of a 
microscope M clamped to a tube B which 
is supported by the framework of tho instru¬ 
ment and can be traversed by the inilled- 
headed screw S having a pitch of one milli¬ 
metre. The microscope is fitted with, an eye¬ 
piece containing cross-wires and is provided 
with a special focussing mechanism. 

§ (87) Depth Indicators for Hardness 
Tests. —In order to dispense with the use of 
a microscope the depth of tho indentation can 
be measured during the test by means of some 
form of depth indicator. Instruments of this 
type, which can be used in any compression 
machine, are supplied by Alfred J. Amsler & 
C!o., Scliaffhouse, 3 or tho Scientific Materials 
Company, Pittsburgh. 

Tho depth h t (Fig. 115) is measured 
relatively to the original surface of tho test 
piece. This excludes the effect of tho extrusion 
round the indentation, and as tho amount of 
plastic flow varies with different metals and 
different pressures tho hardness numbers 
found in this way are not proportional to tho 
Brinell numbers obtained in tho usual way 
from the diameters. 

§ (88) Impact of Dynamic Hardness.— 
Numerous methods have been devised for 
measuring indentation hardness by the size of 
the indentation produced by energy of known 
amount. This method is complicated by a 
consideration of tho effect of tho rebound of 
the indenting hammer, and there is a dilToreneo 
of opinion as to whether tho initial energy of 
the blow or the net energy absorbed in pro¬ 
ducing tho indentation should bo considered 
in calculating the results. 

Edwards and Willis 4 used tho initial energy 
in calculating the results in their research on 
impact hardness. Unwin, 5 on tho other 
hand, is of opinion “ that there should ho a 
single impact and that tho energy of rebound 
should bo deducted from tho energy duo to 
the height of fall in calculating hardness. He 
doubted the method of permitting successive 
impacts till the energy was expended.” 

A dynamic hardness test was propounded 
by Martel 6 in 1805. He used a pyramidal 
point as tho indenting tool, and produced the 
indentation by the fail of a ram on to tho tool. 
Martel found: 

(1) That tho work of the falling ram was 
proportional to the volume of the indent, and 
he therefore expressed hardness as the work 
required to produce unit volume of indentation. 

(2) That for equal energies of blow tho 
volume of the indentation was nearly the same, 

0 Primrose, “Hardness Testing,” Inst, Mech. Eng. 
Journ., Oct. 1920. 

4 Inst, Mech. Eng. Proc,, May .1918, pp, 385-309. 

8 “ Hardness Tests,” Inst. Mech, Eng, Proc., 1918, 
p. 578. 

0 Commission des Mdthodcs d’Essais des MaUriaux 
d& Construction, Paris, 1895, Sect, A, p. 261, 
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when using indenting tools of slightly different 
form. 

The author carried out a series of experi¬ 
ments 1 which confirmed the first of Martel’s 
conclusions. He showed further that, when 
using a 10 -nnn. diameter ball, the ratio of 
the dynamic hardness number to the Brinell 
hardness number was approximately L5 over 
a range of Brinell hardness from 20 to 080. 
The dynamic hardness number was taken as 
being equal to the net energy in kilogram 
metres divided by the volume of the indenta¬ 
tion in cubic centimetres. 

The dynamic method is useful for deter¬ 
mining the indentation hardness values of 
metals at high temperatures, under which 
conditions the standard Brinell Test cannot 
be conveniently carried out. The indenting 
tool in the dynamic test is in contact with the 
specimen for such a short interval of time that 
it is not appreciably affected by the heat. 

§ (89) Dynamic Hardness Testing 
Machines. —A moving anvil block is supplied 
by W. & T. Avery 2 to adapt their Izod pen¬ 
dulum impact machine (see § ( 100 )) for dynamic 
hardness tests. 

§ (90) The Pbllin Hardness Testing 
Apparatus 3 is made in Paris by Ph, & F. 
Pellin, and is specially designed for determining 
the hardness of thin materials. The indenta¬ 
tion is produced by a falling bar of known 
weight having at the lower end a steel ball 
2*5 mm. in diameter. The 
release of the indenting tool is 
arranged electromagnetically. 

§ (91) The Auto Punch, 
designed by Rudgo Whitworth, 
Ltd., and shown in Fig. 121, 
is a convenient and service¬ 
able form of impact hardness 
tester. It was originally 
designed for testing case- 
hardened surfaces, but has 
proved valuablo in testing 
materials of. every grade of 
hardness, even pure lead. 

It consists essentially of 
a knurled hollow cylinder C, 
from one end of which pro¬ 
jects a plungor P which ends 
in an adaptor and cap for 
carrying a (t-ineh hardened 
steel hall B. The other end 

Pig. 121. of the Auto Punch is closed 
by a screw-in end, in which 
is fixed centrally a pawl-operating rod J x 3 In. 
long, the object of which will appear shortly. 
Behind the sliding hammer is a spring which, 
in the case of the 12 - inch Auto Punch, 
requires about 150 lbs. pressure to compress 

1 Batson, “ Hardness Tests,” Inst. Mach. ling. 
Proc., Nov. 1918, p. 576. 

2 Engineering, xciv. 853. 

2 Ibid., April 20, 1917, ciii. 374. 


it. A 6-inoh Auto Punch spring requires 
about 40 lbs. The internal mechanism is 
shown in Fit■/. 121a. The plunger is reduced 
to about l inch diameter for about 1-7 inches 
at its inner end. This part of the plunger is 
small enough to 
pass right through 
the hole in the slid¬ 
ing hammer, and 
will do so when 
tho sliding pawl is 
moved sideways by 
tho pawl-operating 
rod already referred 
to. 

When tho Auto 
Punch is not in use 
the inner end of the 
plunger rests on the 
pawl in the sliding 
hammer. When tho 
ball is applied to 
tho article to be 
tested, and the 
knurled barrel of 
the Auto Punch is 
pressed towards tho 
article, the hammer 
is forced back, com¬ 
pressing the spring, 
and continuing to 
compress it until 
the taper end of 
tho pawl-operating 
rod presses the 
pawl to one side, 
anchallows tho com¬ 
pressed spring to 
drive the hammer 
forward until the 
front face of tho 
latter strikes the 
end of the larger diameter part of the plunger. 
Tho kinetic energy of the hammer is, of course, 
nil up to the moment of its release, so that, 
however rapidly or slowly the Auto Punch 
may bo worked, the energy of the sliding 
hammer will ho the same. This energy will he 
used up in deforming and heating tho hammer 
and plunger where these strike one another, 
also the specimen and hall. Although tho 
energy of tho hammer is practically constant, 
the proportion _ of the total energy delivered to 
the specimen varies according to the hardness 
of the specimen. Tho softer the specimen, 
the greater is the proportion of the total 
energy spent in deforming it. 

The diameter of the indentations produced 
by the Auto Punch follow those produced, by 
the Brinell tests on the same class of -matoriai. 
If a Brinell Standard Block is employed to 
chock from time to time the readings of the 
Auto Punch, the latter instrument can bo 
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used as a quick way of ascertaining tho 
approximate Brinell hardness. In cases where 
an Auto Punch'is used to ascertain whether 
deliveries are to the specified Brinell hardness, 
it is wiser to use the Auto Punch as a “ work- 
shop . gauge, and to employ the Brinell 
machine as an “ inspection ” gauge on all 
specimens which the Auto Punch shows 
to be near one or other of tho limits of 
hardness. 

. §^ HE Shore Solerosciope 1 is a rebound 
instrument for measuring hardness. A small 
diamond-pointed hammer about § inch long 
f.™ cI \ diiimetei V weighing T V oz., is allowed 
to hdl freely from a height of 10 inches. Tho 
ioigl.it of rebound of the hammer is measured 
against a scale, graduated into .140 equal parts, 
and is taken as a measure of the hardness.’ 

he shape of the diamond striking point is 
slightly spherical and blunt, being about 0-020 
inch in diameter. 

I. he instrument is one which depends on 
the production of a permanent indentation 
y this point, the rebound being diminished 
by the work expended in producing the 
indentation.. With rubber no permanent 
indentation is produced, and the height of 

Imrdst^el 8 Same as tIlat from a moderately 
The instrument is provided with an ingenious 
h ? ad )y mmm of which the hammer 
bulb 6d an reeased air pressure from a 

The Scleroseope and Brinell hardness scales 2 
have been shown to be generally closely related 
throughout tne hardness range. The Brinell 
hardness number divided by six fa approxi¬ 
mately equal to the Scleroseope number: the 
ratio appears to increase from 5-3 for soft 
steels to 8-0 for materials of over 700 on the 
Brinell scale. The applications of the Solero- 
seope are therefore similar to those enumerated 
for the Brinell test in § (80). 

The Scleroseope readings have been found 
.to be slightly dependent on the size of the 
piece tested. This variation can be con¬ 
siderably reduced by clamping the test piece 
to a firm foundation. Most, materials are 
mechanically hardened by indentation. It is 
therefore important to ensure that the material 
is not tested twice on the same place, otherwise 
high results are obtained. 

§ (93) Abrasion oe Scratch Tests, —The 
abrasion test has been applied in three ways : 

(1) As a scratch test. 

(2) .By drilling or grooving with a hardened 
steel tool or diamond. 

(3) By wearing away with or without an 
abrasive. 

can MMsTlW, ScTero' 

scope ” Amer. Soc. Test. 

fetaiiton and -Batson, lf Hardness Tests 
search,” Inst. Mech. Eng. Proo. f Nov loic/p Goa! 


§'(94) The Scratch Test.— Tho scratch test 
has been frequently used in conjunction with an 
indentation hardness test. In 1722 Reaumur s 
used both methods. As an indication of 
scratch hardness he tested metals against a 
bar whose hardness increased from one end 
to the other; the position on this bar which 
tie metal under test would scratch indicated 
its hardness. Mohs « was tho- first to give a 
scratch hardness scale, which is still iar<mlv 
used by mineralogists. Ten minerals were 
arranged in order from 1 to 10 in such a way 
that each would scratch the one next below 
it on tho list Talc was taken as bavin* a 
hardness of one ” and diamond a hardness 
of ten. 

(i.) Turner’s Sclerometer. 5 -— In this device 
a balanced lever is— 

(i) Provided at its free end with a diamond 
point fixed m a vertical pencil. 

hi? 1 L ? aded ., 1yitl ) a sliding weight and cali¬ 
brated in order that the sliding weight can 

point 6 * *° represent known weights "at the 

rotated UPPOrted “ BUch a way that ifc Cfl11 bc 

. The hardness number is the smallest weight 
in grammes which will produce a scratch just 
visible to the naked eye on the smoothed and 
polished surface of tho specimen. 

. ^ se ™ s °f scratches are made with diminish¬ 
ing weights, and the hardness is taken as the 
mean between the least weight which will 
produce a scratch and tho greatest weight 
which will not produce a scratch. 

A..Martens, o jn ordcr to make the test more 
t d f Ued tho scratch hardness number 
as the load m grammes under which a conical 

in'width 9 ° ^ pr ° duCes a scratc]l 0-01 mm. 

(ii.) A L. Parsons 7 further modified the 
Sclerometer. by applying the load on the 
diamond point by a spring in such a way that 

,f TT ? 3r0ased as tho P™nt was drawn 
acioss the test piece. The place at which the 
scratch commenced was noted, and the corre- 

nmnber S WaS taken “ the liardness 

. ^H-) 2 he Quadrant Sclerometer. —- This 
instrument has been devised in the Budge- 
Wlntworth Laboratory. The method employed 
is to apply a hardened edge or series of hardened 
edges to the surface of the test piece in such a 
chreotion that slipping ensues until they “ bite ” 
the surface of the article. 

The instrument is made in various types 
or estmg either flat surfaces, pins, or the 


374. 


L’artde Oonvertir, 1722. pp. 296 and 299 
Grundnss der Mineralogie, 1822, part 


i. P. 


Birmingham JPhil. Soc. jPtgc v narf ii iwjw 
j SttzungsbericMe des Vereines zur Bef(interim a 
des Gewerbflmm, 1888, p. 41, and 1889, p ioy ^ 
Amer. Journ. of Science, Pet). 1910. ^ 
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inside of cylindrical surfaces. Fig. 122 shows 
a pin under test. 

Two specially cut flat rods or flics F, and JA 
are employed, and the upper one is raised until 
it makes an angle of about 80° with the lower. 
The pin P is then placed between them and 
the “ file ” lowered until it “ bites ” the pin. 
The angle at this point is an index of the 
scratch hardness of the article. 

The theory of the instrument has been 
worked out by H. L. Heatheotc, 1 who has 
shown that the angle is practically independent 
of the weight and size of the article to be 
tested. A soft bar holds the top file up so 
that it makes an angle of about 70°. A hard 
bar will not hold tire top file up until the 
angle falls to about 15 to 20°. Hardened and 
tempered bars give readings between 20 and 
70°, according to their surface resistance to 



Fig. 122: 

abrasion. The instrument can also he em¬ 
ployed for measuring the coefficient of friction 
between one material and another, one being 
attached to, or substituted for, the upper arm, 
and the other for the lower. 

§ (95) “ Drilling or Grooving ” Hard¬ 
ness.—S. Bottone 2 measured the resistance 
to wear aB the time required to produce in the 
material a out of definite depth with a soft 
iron disc rotating at constant speed and pressed 
with constant force. 

A. Haussner 3 defined cutting hardness os 
the resistance, per square mm., to planing, 
when using a cutting angle of 90°. 

Jaggar 4 rotated a diamond point under 
constant pressure and at a uniform rate, and 

1 Iron and Steel Inst, journ., May 1014. 

2 “Relation entro le poicls atomique, le poicls 

sp6cifique et la cluret6 des corps,” Chemical News, 

1873, p. 215. 

* “ Das Hobelu von Motallon,” Mitt, des k.k. 

technolog. Gewerbe-Museums, Wien, 1892, ii. 117. 

1 “ A Microseleromoter,” Amer. Journ. of Science , 

Dec. 1897, iv. 399. 




r' 


help 'iv. ‘Steel f ^fifiB,A:4'nTmig at 


gave the nimriM^hf:rotations of the point u>_ 
reach a lixcwakiptilmaa^tili .0 hardness, jiatfijr 
and Keep 1 * * b^i 
the rate at wlifi 
constant speed and Under cwlurtaui pressure, 
drills the material. 

§ (96) Wear Tests, (a) Using an abradant 
or an abrading wheel (pure abrasion).—Felix 
Robin 0 used cylindrical specimens (50 mm. 
diameter), which ho rubbed under known 
pressure on papers covered with abrasive 
powders. Rosiwall 7 defined abrasive hardness 
as equal to (l/loss of volume), by grinding 
with an abradant. Behrens 8 used a standard 
powder and measured hardness by the time 
required to polish. 

Gary 0 determined the resistance to wear 
by the amount of abrasion caused by 
a sand-blast, and experimented chiefly 
with stones, artificial minerals, and timber. 
W. H. Warren 10 also used tho sand-blast on 
timber. 

Jannotaz and Goldberg, 11 and Stoughton 
and Macgregor 12 measured tho comparative 
loss by grinding. Tho latter, who also carried 
out indentation hardness tests, found that 
the two methods gave different comparative 
results. 

(b) Wear by sliding lubricated abrasion.— 
Derihon 12 constructed a machine in which a 
specimen was pressed on to the circumference 
of a polished wheel turning at a speed of 
3200 revolutions per minute in an oil bath. 
The wear was measured by tho loss in weight 
or reduction in diameter in thousandths' of 
a millimetre after 2,000,000 turns of tho 
wheel. 

(c) Wear by dry rolling abrasion.—Saniter 11 
devised a maohino for testing tho wearing 
properties of rail steel under dry rolling abra¬ 
sion. In this method the specimen (A), 5 
inches long and 0*5 inch diameter, was fixed 
in a chuck (B, Fig. 1.23) revolving at 4000 r.p.m., 
and carried near the froo end a ball-bearing (0), 
of inner diameter 1 inch, loaded to produce a 
prossuro of 205 lbs. at the point of contact. 
The inner ring of the ball-bearing (I), inch 
wide) was rotated by friction by the test piece, 
causing the latter to wear, Tho resistance of 
the material to rolling abrasion was taken as 

5 Keep, “ Hardness or tho Workability of Metals,” 
Amer, Sac. Mach. ling. Trans., Doc. 1006, abstract in 
Iron and Steal Inst. J„ 490,1, i. 490. 

0 Iron and Steel Inst. 1910. 

I Verhand. k.k. gaol Reichsanstalt, 1890, xvll. 475. 

8 Anleitung zur mikrochemischm Analyse, 1895. 

8 Baumaterialienhunde, x. 136. 

“.Strength, Elasticity, and other Properties of 
H.S.W. Hardwood Timbers," Report Dept, of 
Forestry, N.S.W., 1911. 

u Assoc. Franc, p. I’Avanc. d. Sc., Aug. 0, 1895. 

** " Hardness Tests,” Amer, Soc. Test, Mat. Proc,, 
1911, xi. 707. 

” See Nusbaiunor on "Notes on Abrasion Tests on 
Metals,” Inter. Assoc. Test. Mat. Proc., 1909 

II Iron and Steed Inst. J., 1908, hi. 73; also Inter. 
Assoc. Test. Mat. Proc. li. No. 9, paper iii./l. 
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being inversely proportional to the reduction 
in diameter in ten-thousandths of an inch 
after 200,000 revolutions of the test piece. 

A similar test was used by Stanton and 
Batson 1 for a series of experiments on hard¬ 
ness tests. The dimensions of the test piece, 
etc., were made slightly larger than those 
employed by Saniter. 

It was shown that the resistance to rolling 
abrasion was approximately proportional to 
the ball hardness number, but that the com¬ 
parison was not a safe one, as there were 
frequently cases in which a considerable de¬ 
parture was found from this ratio, e.g. man¬ 
ganese steel which was well known to be 
susceptible to hardening under pressure. The 
results confirmed Saniter’s conclusions, and 



Gear Wheel driuen by 
an Electric Motor 


Leuer for applying 
the Load " 

I i 


Fig. 123. 


remaining fixed relative to the machine. The 
slip per revolution was then =7r( I ) ~d) inches. 
The results indicated that there was very little 
hardening of the surface of the material under 
these conditions, and that the Brinell hardness 
number was not a safes guide in predicting the 
relative resistances to wear of a miscellaneous 
selection of steel. 

§(97) Impact and Notch mp Bah Tbhtino. 
—There is no doubt that the tensile test,, its 
usually carried out, does not give all the in¬ 
formation about a material it is essential that 
an engineer should know. A careful examina¬ 
tion. of a complete load extension diagram, 
however, reveals differences, such as those due 
to heat treatment and mechanical treatment, 
not disclosed by an ordinary tensile test, hut 
the analysis of such 
diagrams requires 
considerable ex¬ 
perience. 

It has, occasion¬ 
ally, hoi'n found 
that a material 
which has satisfac¬ 
torily passed the 
ordinary tensile test 
fails in practice in 
a manner which 
eannetheuccouiited 
for by errors in de¬ 
sign. Investigation 
has shown that, in 
some cases, parts of 
machinery which 
have failed in this 
way have been sub¬ 
jected ter shocks. 


iH 

SBISB 

1 




Ball ¬ 

bearing 

Carrier 


showed that what was actually measured was 
the resistance to disintegration of already de¬ 
formed material, and that this resistance 
depended on the amount of deformation pro¬ 
duced, and had little relation to the material 
in the unstrained condition. The method, as 
a means of predicting the relative resistance 
to wear under conditions of rolling abrasion 
with heavy loads, was comparatively rapid and 
gave the information desired. 

{d) Wear by dry sliding abrasion.—-The 
Saniter test was carried out with high pressure 
and very small relative motion. Stanton and 
Batson * also carried out a series of tests on 
dry sliding abrasion, in which the amount of 
relative motion was large, and therefore corre¬ 
sponding to the wear of pins, collars, etc. 
This was done by connecting the abrading 
ring (diameter=D) to the chuck by means of 
an Oldham coupling, so that both ring and 
specimen (diameter =d) completed a revolu¬ 
tion in the same time, the line of contact 

Proc" InsL J&W. 


O o n b o q u o n 11 y, 
various methods of tost have been demand to 
give a definite indication of the shock-rowi,sting 
properties of materials. 

§ (98) Notched Bab Tests.— -Freedom from 
the tendency to crack at sharp comorn, when 
the variations of stress are eonsidorabb, is a 
property which is very desirables in muterialH 
for engineering work. In order to obtain thin 
information about materials 11 brittlonoHH ” 
tests, in which the test piece is notohocl so as 
to limit the plane of fracture and the con¬ 
traction of area, are employed. 

These notched bar tests are made in tension 
or bending. The tost piece ia usually broken 
by a single blow in impact, and the energy of 
fracture obtained directly from the loss of 
energy of the striker. 


In 1909, Charpy, 3 in a report on impact tests 
on metals, shows that a static tension tost ia 
more efficaciously supplemented by a noted usd 
bar bending test than by any other test, and 

’ “Official Report on Impact Tests of Metals " 
Infer. Assoc . Test . Mat . Pros ., 1900,110. ? Wr 
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his results seem to indicate that the notched 
bar bending test gives information regarding 
the fragility of materials which other tests do 
not easily furnish. Charpy in the same report 
shows that materials which give good results 
with this impact test have stood well in 
practice, whereas the same class of materials 
giving low values fail, although the results 
from the ordinary static tensile test is the 
same in both cases. 

The originator of this method of testing 
appears to have been M. Barba of Lo Creusot, 
who in 1900 described the results of Ilia ex¬ 
periments on the detection of brittleness in 
steel by tests on flat specimens, notched with 
a 45° notch on both sides to 035 times the 
thickness, the radius at the bottom of the 
notch being 0-2 mm. and the total width of 
the specimen 30 mm. The specimen was fixed 
in a horizontal position between jaws, with 
the notch directly over the edges of the jaws 
and having a piece of the specimen 25 mm. 
long projecting from the jaws. This piece 
was struck by a falling weight of 18 kilo¬ 
grams. Each specimen was provided with 
a number of notches at spaces of 25 mm. along 
the specimen, and by making a series of tests 
at different heights of fall it was possible to 
predict the energy of blow which would just 
break the specimen. 

It was soon realised that this method of 
testing revealed marked differences in the 
behaviour of materials which wore not de¬ 
tected by the ordinary tensile test, and other 
investigators (Le Chatelier, Charpy, Fremont, 
etc.) carried out experiments, the results of 
which were communicated to the Congress 
of the International Association of Testing 
Materials held at Buda Pesth in 1901. 

The report of a commission, appointed at 
this congress to investigate the notched bar 
test, was discussed at the congress held in 
Brussels in 190(3, but no advance was made in 
the matter of standardisation except an ex¬ 
pression of opinion that the test gave in¬ 
teresting information. The German Associa¬ 
tion for Methods of Testing Materials there¬ 
upon took the matter up and issued a report 
in 1907, in which they recommendod the Charpy 
method of testing. This consists in the use 
of a notched specimen, 30 x 30 x 160 mm., 
supported horizontally at the ends on knife 
edges of given form and struck in the centre, 
opposite the notch, by a pendulum. • The 
notch was formed by drilling a hole 4 mm. 
diameter in the bar and sawing through from 
one side, leaving a depth of 15 mm. behind 
the notch, as shown in Fig. 124. The span is 
120 mm. 

The question of notched bar testing was 
again brought forward at the International 
Congress held at Copenhagen in 1909, who 
recommended the 30 x 30 x 160 nun. Charpy 


test piece, with- an alternative specimen, 
geometrically similar but onc-tlnrd of the 
size, where the larger dimensions could not he 
obtained. The matter was further discussed 
at New York in 1912, and the recommenda¬ 
tions of 1909 were confirmed. No particular 
machine for carrying out the tests was selected, 
but further testing research on apparatus and 
test pieces of different sizes was suggested a.s 
being desirable. 

Tho recommendations of the International 
Association for Testing Materials have, never 
been fully recognised. For most test work 
the standard 30 x 30 x 1(50 mm. test piece has 
been found to be too large, and difficulties 
have been experienced with the notch of tho 
geometrically smaller test piece. 

Fremont suggests a test piece 10 x 8 x 30 
mm., placed horizontally on supports 21 mm. 

Striker 



span, with a notch 1 mm. "deep and 1 mm. 
wide (square shape, and made on tho broad 
side at the centre of the length), Fig. 
125. 

In most cases a test piece 10 x 10 mm. in 
cross-section is used, but the form of notch is 
varied. Several well-known types of notch 
are given in Fig. 125. Tho beam test pieces 
are usually 60 mm. long with a span of 
40 mm. 

§ (99) Notcu-ied Bah Testing in Britain. 
—A considerable amount of work has been 
carried out, in Britain, on the notched bar 
test. Yarrows developed a notched bar tost 
in 1902, in which the test bar was broken by 
more than one blow. Valuable information 
appears to have been obtained by this test as 
to the brittleness of steels used for connecting 
rod holts. 

In 1903, Izocl 1 introduced a single-blow 
notched bar testing machine, in which the 
specimen is held in a vice at one end and is 
struck by a falling pendulum at the other. 
This method is the one which is commonly 
adopted in this country at the present 
time. 

1 Engineering, Sept. 25, 1003. 
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Seaton and Jude 1 carried out some tests in 
1904, in which the test piece was broken by 
a number of blows, the test bar being reversed 
between successive blows. 

In 1908, Stanton and Bairs tow 2 and Har- 
bord 3 communicated results of experiments 
to the Institution of Mechanical Engineers. 
The main point brought out by Harbord’s 
paper was the variability in the results of 
individual tests of specimens of the same 
material. It was shown that two identical 
test pieces from the same bar of ordinary 
commercial steel gave results varying from 



\ 



Izod 


U.S.A. 

Bureau of Aircraft 


(Dimensions 
in millimetres ) 


each other by over 60 per cent. This varia¬ 
bility has been attributed to— 

(1) The mode of testing. 

(2) The heterogeneity of the material under 
investigation. 

Experiments published by Charpy and Cornu 
Thenard 4 show that by careful selection and 
heat treatment it is possible to obtain, in the 
course of experiments in notched bar tests, 
carried out on bars of steel of different natures 
or of copper, a degree of uniformity analogous 
to that obtained by means of tensile or hard¬ 
ness tests. Variability in the results is there¬ 
fore not due to the mode of testing but to 
differences in the material under test. 


i-L i — :.j/ ) 

1 -* 14 - ' 

1_ i j 

Fremont 

Fig. 125. 


“ Resistance of Materials to Impact ” 1% 
March too!) '-’ N ° V ' 20 ’ 1908 ’ and ^ de Mda 
^ Different Methods of Xmocict 
Notched Bars,” Inst. Mech. Eng Procj oct.-D, 

,‘V^T v T Experiments on Shock Tests” Iron a 
Steel Inst. Jmm., Ho. 2,1917, p. 61. 


By 1914 there was conclusive evidence that 
there could lie large variations in the resistance 
of notched specimens of different materials to 
impact, without any corresponding variation 
in any of the characteristics brought out by the 
ordinary tensile test, and there was evidence 



Fig. 120. 


that this variation was duo to correct or 
incorrect heat treatment. 

§ (100) Impact Testing Machines, (i.) The 
Izod Test .—The Izod impact test has of recent 
years come into great prominence in Govern¬ 
ment specifications, owing to the great demands 
made by war conditions. 

The original Izod machine had a striking 
energy of the hammer 
of 23 ft.-lbs., and the 


test piece was 2 in. 
long, -gths in. wide, 
and Actha in. thick, 
with a vee notch 
0-05 in. deep. 

The present stand¬ 
ard machine made 
by W. & T. Avery, 
Ltd., Soho Foundry, 
Birmingham, has ' a 
capacity of 120ft.-lbs. 
The cross-section of 
the test piece is 
10 x 10 mm. and it 
is notched with a 
45° vee notch, 2 mm. 
deep with a root 
radius of 0-25 mm. 
The machine is 


Radius 



Fxa. 127. 


shown in Fig. 126, and consists of a heavy 
base B on to which are bolted two standards 
bi, b 2 supporting the pivot of the pendulum. 
The pendulum P swings on ball bearings and 
stakes the specimen held in the vice, cantilever 
fashion, its point of contact with the specimen 
being a hardened steel knife edge. The form 
and angle of the knife edge is shown in Fig. 127 
The specimen is gripped in a vice V in such a 
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position that the bottom of the notch is level 
with the top of the vice, Fig. 128. 

The specimen, in being broken, absorbs some 
of the energy from the pendulum, which is 
measured by the continued and diminished 
swing of the pendulum moving an idle pointer 
over a graduated scale. The pendulum swings 



less as the resistance of the specimen is greater. 
The scale is graduated to give the actual 
energy in foot-pounds absorbed by the blow. 
The standard three-notch test piece is shown 
at B in Fig. 129. 

(ii.) The Gharpy Pendulum Machine .—The 
small Charpy machine lias a power of about 30 
kilogrammetres (217 ft.-lbs.) and a maximum 



Test Piece. 

Fxo, 129. (Had Method) 


striking velocity of 5-28 metres per second 
(17 ft. 4 in. per sec.). The principal part of 
the. pendulum consists of the hammer M, 
shaped as shown in Fig. 130, and suspended 
at the end of a light hollow bar. The centre 
is suspended on ball-bearings, and an index 
Land is mounted with an easy frictional fit 
and travels over a graduated semicircular dial 
with, the hammer when this rises up after 
fracturing the test specimen. The latter is 
held in cast-iron supports in the two uprights 
which are bolted down to a cast-iron bedplate. 


The hammer is raised up for action by band, 
and is held up by a catch operated directly by 
a small lever I). The drop is constant and 
1420 metres (4 ft. 7$ in.) in height. A 
hand brake B, worked by the hand lever C, 
enables the hammer to ho stopped rapidly 
after fracture of the specimen. The weight of 
the falling parts, position of the centre of 
gravity, and heights of drop counted from tho 
centre of gravity, are all determined experi¬ 
mentally. Tlio angle of rise after fracture is 
read off from the graduated semicircle. The 
difference between tho height of fall before 
fracture and rising back after fracture gives 
tho work absorbed. It is, however, necessary 
in research work to take into account tho Mo¬ 
tion and energy absorbed by the fragments of 
the test specimen; the latter may be considered 
to take the same velocity as the pendulum it¬ 
self. The weight of the test specimen being very 
light compared with that of the pendulum 
hammer, the correction is very slight and can 
be neglected in ordinary practice. 

In order to determine the work absorbed by 
friction the pendulum is caused to oscillate 
freely and the doorcase in the oscillations due 
solely to friction is noted down. This gives a 
table of corrections. The required correction 
can also he arrived at by noting the angle of 
rise of the pendulum following that causing the 
fracture. 

A larger machine is made, and this has 200 
kilogrammetres energy and a striking velocity 
of 7-8 metres per second. 

(iii.) QuiUary Machine {Rotary Tup ).—The 
latest model of this machine is shown in 
Fig. 131. It consists of a flywheel having a 
“ breaking knife ” attached to it. This knife is 
arranged so that it can assume two positions : 

(1) Hidden in the rim of the wheel. 

(2) Projecting from the rim of the wheel in 
which position it is required for breaking the 
tost pioeo. 

The position is controlled by “ studs ” on 
the casing of tho machine and operated by 
centrifugal force duo to the rotation of the 
wheel. 

The rotation of the flywheel operates a small 
centrifugal pump which elevates a coloured 
liquid in a tube. The machine is designed so 
that when the liquid is at the top of the tube 
(and reading zero on the energy scale) there is 
60 kilogrammetres of energy in the flywheel. 
When the flywheel is still, and the liquid is 
at its lowest level 'the reading is therefore 60. 

The test bar is placed horizontally on knife 
edges which have a 40-mm. gap. The front 
of the machine is covered with a door which 
is automatically locked when the “ knife ” is 
out and the flywheel in motion. 

The test is made by rotating the flywheel 
to a speed slightly in excess of that correspond¬ 
ing to the zero of the energy scale. The gear 
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is then diseonneoted and the wheel speed the tachometer reading gives the energy lost in 
allowed to decrease. Immediately the liquid producing fracture of the test piece. The knife 
m the tachometer tube reads zero the “ out ” is then set “in ” by pressing the “ in ” stud. 



(iv.) Fr&mont 
Machine. — The 
Fremont impact- 
machine consists 
of a hammer of 
l()to 15 kilograms, 
which, has on its 
underside a hard¬ 
ened steel V- 
sliaped striker. 
The test piece is 
■placed horizon¬ 
tally on knife 
■edges having a 
gap of 21 mm., 
so that when the 
hammer falls from 
a height of 4 
metres the striker 
hits it midway 
between the sup¬ 
ports and exactly 
opposite to the 
notch. 



Details of Hammer and Knife edges 

FlO. 130. 


stud is pressed, the knife springs out and 
breaks the test piece. The absorption of 
energy from the fly wheel lowers the speed and 


End View Immediately 

after the blow of 



Fret 131. 


then only possesses the energy not absorbed 
by the test piece, strikes against an anvil 
carrying two housings provided with tempered 


9 


* 
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stool springs. The springs yield under the 
blow of the hammer and register by their de¬ 
flection the energy remaining in the apparatus. 

Knowing the initial energy of the hammer, 
the energy absorbed in fracture of the test 
piece is found by taking the difference. 

(v.) The Amaler 75-kilogrammeire Pendulum 
Impact Testing Machine.—This machine is on 
the same principle as the Charpy machine, but 
some of the details are slightly different. 

The pendulum is held up by a hook attached 
to a rope which is wound round a windlass. 
The tup is released, by detaching the hook by 
means of a special release, and falling freely 
swings up on the other side of the machine 
after having broken the test bar. Instead of 


§ (101) Further Pautkjulars op Notched 
Bar Tests. —The leading particulars of the 
fivo principal types of notched bar machines 
are as follows: 


Striking 

Velocity, 

Metres/Hec, 


Type of Machine. 

Striking 

Energy. 

Kg.M. 

Charpy (pendulum) . 

30 

Amaler (pendulum) . 

. 75 

Izod (pendulum) 

16-C 

Fremont (falling tup) . 

20 or 00 

Guillory (rotary tup) . 

00 


The notched bar test is principally used 
as a moans of detecting a dangerous con- 


Table 32 

Izod Tests oh Materials Correctly and Inci orrectly Heat-treated _ 

I It s _u. .1 ___ .1 'Ultimate mi_ j-s,-.,, llodUCtlOD I 


Heat 

Treatment. 


Limit of Pro. Yipl(1 Point> Ultimate Elongation. „ Issocl ' 

portionality. rji 0 (. a /g a j n Is tress. percent. Figure. 

Tons/Sq. In. ions/a u- ■ U1, Tons/Sq. In. Am cent. pti . 1 i, s< 


Nickel chrome stcol- 
Bar SSI 

Bar SS2 . • 

Nickel chrome steol- 
Bar SHI . . 

Bar SH2 . . 

Niclcel chrome steel- 
Bar SS3 
Bar SS4 

Nickel chrome steel 


Correct 

40'4 

47-8 

Incorrect 

39-G 

45-9 

Correct 

34-8 

44'0 

Incorrect 

34>8 

45 b 

Correct 

20-0 

44-0 

Incorrect 

35-2 

44-3 

Correot 

32-3 

44'3 

Incorrect 

31 -0 

42-1 

Table 33 


Charpy Tests oh Materials Correctly ahu Ihcorreotly Heat-treated (Oharpy Method- !/,od Notch) 

TT . Limit of Pro- Yield Point Ultimate Elongation, Aren 1 ' 1 

Materials. T rcKmt. ^ TomS'ln. j:Vr contl Per cent, 


Boiler plate 


Correot 18'3 

Incorrect 14-2 


Nickel chrome crank / Correct 27'0 j 

shaft l Incorrect 20-0 i 

swinging back again, as in the Charpy machine, 
it is held in position by a cord passing round a 
drum and acting as a brake. 

On falling from one side, transverse (bend¬ 
ing) tests are made, while tensile tests are made 
when the pendulum falls from the other side. 
The energy in the hammer before and after 
the test is registered on two movable straight 
scales by the movement of the pendulum. It 
is so arranged that the second scale raises the 
pointer on to the first scale and indicates the 
actual energy absorbed. 


dition of mierostructure duo to faulty heat 
treatment. 

The largo variation in the energy absorbed 
in the Izod test due to alteration of heat treat¬ 
ment is well shown by the figures in Table 32, 
taken from a paper by Philpot. 1 

Some tests by the author on a piece of 
boiler plate and nickel chrome crank shaft are 
given in Table 33, and show the same kind 
of variability with heat treatment, 

1 “ Some Experiments on .Notched Bars,” Inst, 
of Automobile Ena. Proa., April 1018. 
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Bagnall Wild has shown that the brittleness 
in steel resulting from a high percentage of 
sulphur and phosphorus is well marked by 
the Izod test. He says, “ Certain steel for 
making nuts and bolts was found to contain 
sulphur and phosphorus in excess of 0-1 per 
cent; such steel invariably failed to give any 
higher reading than 2 to 3 ft.-lbs. on the Izod, 
whereas a steel of exactly similar composition 
and with similar treatment but with sulphur 
and phosphorus below 0-06 per cent gave an 
Izod test figure of over 40 ft.-lbs.” 

§ (102) Dimensions oe Standard Test 
Pieces.— Although there are several impact 
testers in Britain of the .Fremont and Guillery 
type, the majority of the test houses use 
Izod or Charpy machines. The dimensions 
of test pieces for these machines have been 
standardised and are shown in Fig. 129. It 
will be noted that in each case the cross- 
sectional dimensions are 10 x 10 mm. and that 
the form of notch is the same (the Guillery 
machine uses the same size of test pieces as 
the Charpy machine, while the Fremont test 
piece is smaller and is described in § (98). 
The form of notch selected, and sometimes 
called the Izod notch, is a 4n° vee, 2 mm. 
deep, with a root radius of 0-25 mm. 

§ (103) The Angle of the Notch. _Ex¬ 

periments by Thomas 1 at the Watertown 
Arsenal show that, with mild steel, the angle 
of the notch does not appreciably affect the 
results until it has exceeded 45°. The results 
that Thomas obtained are given in Table 34. 

§ (104) Hoot Hadtus and Depth of Notoh. 

l' e _10xl0-mm. test piece in which the 
notch is formed by a drilled hole U mm. i 


The shape at the bottom of the mitch linn 
an important effect oil the work absorbed in 
fracture, which has its least value when the 
angle at the bottom of the notch is an nearly 
zero as possible. 

Hesults by Dix, 2 summarised in 'table 3/5, 
and by the author (Table 3(i) show this effect 
very clearly. 

Tama; 3/5 

Effect of Radius at tum Bottom of tub Notch 
ON THIS EnEKGV AMHOItaui) IN FltAOTUHU 

Nickel chronic stool rod, f;" in diameter 


1 

Energy absorbed in 


.Fracture 

Form of Notch. 

1 (('harpy 

Machine). 


Ft.-lbs, 

K'g.M. 

2 mm. doc]) (45° voo) sharp 

2 mm. deep (45° voo) 0-25 ( 

2 Id) 

2-91) 

mm. root radius / 

25 d) 

3-10 

2 mm. deep (parallel sides) j 

40-3 

5-57 

I mm. root radius / 

Table 

36 


0-65 per cent carbon steel, vee notches, 2 mm. deep 


Energy absorbed in 

Root Radius of Notch 
in mm. 

Fracture i 

((■harpy Machine), 


Ft.-lbs. 

K'g.M. 

Sharp 

44)5 

0-56 

0-17 

6 -8(1 

0-05 

0-34 

8-31 

Mfi 

0-68 

13-7 

,1-HO 


Table 34 

Effect of Vabutiqn of Angle of Notch on the Enekov ahhoriihd 


Angle of Notch. 
Degrees. 


Charpy Impact Values. 
Ft.-lbs./Sq. In. 


0 

15 

30 

45 

60 

75 

90 


Maximum. 


304 

346 

323 

382 

571 

890 

830 


Angle of Bond, 


Minimum. 

Average of 6. 

Degrees. 

266 

283 

285 

316 

15-8 

15-2 

284 

298 

15-0 

304 

334 

29-5 

516 

539 

54-2 

818 

854 

130 

806 

814 

130 


ffrlricll 

Hardness Ho. 


79 

77 
81 
m 

80 

78 
78 


7 .7.’ °y the International 

Association of Testing Materials, cannot be 

on the aaioiit y ° f 

777™ “fV 4 ? Sd “ :t “ I m 11 standard, 
Viz. 45 vee notch, 2. mm. deep and 0-25 mm 

root radius, does not suffer from this objection 
hardest steels! ^ Pr ° d ' ,C ° d 011 *>“ 

. 77 . 


It Las been found that the sharper the niffeh 
is made, the better tho test dimLhtntoH 
between brittle and tough materials, tlmt is 

®J y » ^ at * tlle tested becomes 

tougher the effect of alteration of the root, 
radius is less. 1 u ' 
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to bo always sure that it is produced. A root 
radius of 0-25 mm. has been selected as it is 
found that, with a radius of this size, the test 
is still effective in the detection of faulty heat 
treatment. 

It has also been found that shallow notches 
increase the energy to fracture of tough 
materials relatively to that required for brittle 
materials. 

§ (105) Shape op Test Piece. —Philpot 1 
found that a round test piece can be produced 
which can be used for acceptance tests on 
heat-treated steels in place of the standard 
square specimen. The latter is, however, far 
the more desirable from the point of view of 
testing and, by properly rigging up for quan¬ 
tity production, it can be prepared by a pair 
of straddle mills just as economically as the 
round test piece. 

§ (106) Comparison op Tests on Different 
Machines. —Philpot 8 has mado a comparison 
of tests in the Charpy (beam) and Izod (canti¬ 


lever) machines on the standard 10 x 10-mm. 
test piece with the 45° standard notch, 2 mm. 
deep and 025 mm. root radius. He finds 
that, where the energy absorbed is less than 
70 ft.-lbs., notched bar tests, mado in either 
the Charpy or the Izod machines, give similar 
values, but where the energy absorbed in 
fracture is greater than 70 ft.-lbs., there is a 
tendency for the values from tho Charpy 
machine to be somewhat higher. 

Charpy and Cornu Tlienard 3 have mado a 
series of experiments, with a steel specially 
prepared to give consistent results, on “ beam ” 
machines of three different types (pendulum, 
vertical drop, and rotary) and have found 
that, in regard to energy absorbed in fracture, 
the results are practically identical when the 

1 “ Some Experiments on Notched Bars,” Inst, 
of Automobile Eng, Proc.. April 1918. 

2 Ibid. 

“ “ New Experiments on Shock Tests,” Iron and 
Steel Inst. Journ. No. 2, 1917, p. 01. 


size of test piece, notch, distance between 
supports and radii of supports and striker are 
uniform. 

§ (107) Effect of Striking Velocity on 
tiie Energy to Fracture.— Both Belanger 
and Fremont have found a variation of tho 
energy absorbed in fracture with striking 
velocity but in opposite directions. Charpy 
has found that tho inlluoneo of the rate of 
impact is practically negligible within limits 
which do not exceed those of appliances gener¬ 
ally omployod in the testing laboratory. 

Some testa carried out by tho author show 
that, on a machine of the Charpy typo at 
striking velocities up to ,43 ft. per second, 
increasing striking velocity may either increase, 
decrease or unalter the energy absorbed in 
fracture according to tho material upon which 
tho tests are made. In any case the effect is 
not appreciable until after a velocity of 16 ft. 
per sec. is reached, as is shown by tho results 
in Table 37. 


§ (108) Snow Bending Tests on Notched 
Bars. —It has boon shown by Philpot 1 and 
others that, if a notched bar test piece is 
brokon slowly, the work expended is com¬ 
parable with that measured by an impact 
machine (at moderately low striking velocities) 
and is equally as 'effective in distinguishing 
between certain brittle and tough, materials. 

As an average of a large number- of tests 
Philpot found that the energy absorbed in 
the slow bending test is about 75 per cent of 
that given by an impact test (in two or three 
cases the energies obtained by the two 
methods are approximately equal), and he 
attributes this difference to energy dissipated 
in the pendulum testing machine. The strik¬ 
ing velocity in Philpot’s impact tests did 
not exceed 3-5 metres per second, and his 
conclusions only hold up to that value. 

Philpot for his slow bending tests uses an 
ordinary Brine.ll machine, and measures the 


Table 37 


Effect of Striking Velocity on the Energy absorbed in Eiucjturm 


Material. 

Energy absorbed in Fracture. 

Striking Velocity. 

Kg.M. 

Ft.-lbs. 

Motrca/Sco. 

Feet/SecS 

( 

4-03 

29-1, 

2-7 

9 

| 

3-83 

27-7 

44) 

16 

Mild steel . . . . \ 

2-77 

204) 

04 

20 

1 

2*00 

14-5 

8'8 

29 

{ 

2-90 

20-9 

44) 

10 

Iron . . . . . \ 

2-80 

20-2 

045 

2 U 

\ 

1-47 

10-6 

134 

43 

1 

44)0 

28-9 

2-7 

9 

Nickel olirome steel . . - 

4-40 

31-8 

44) 

10 

l 

544 

39-3 

134 

43 

[ 

1-03 

7-5 

2-7 

0 

Medium carbon steel . . ■ 

F05 

74. 

04 

20 

1 

14)5 

7-6 

.134 

43 
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deflections of the specimen for different loads 
by means of a microscope. The results are 
plotted and the area of the curve is integrated 
in order to obtain the total energy absorbed. 
The Humphrey Autographic Notched Bar 
Testing Machine, made by the Foster Instru¬ 
ment Company of Letchworth, is devised to 
carry out this class of test rapidly and con¬ 



veniently and in a manner giving the maxi¬ 
mum information as to the material in a 
minimum time. It is illustrated diagram- 
matically in Fig. 132, and photographically in 
Fig. 133. 

The teat piece A is gripped in the vice 
B, so that the jaws of the vice are in line 
with the notch in-the test piece. The sooket 
0 is attached on the projecting end of the 



Fiq. 133. 


test piece, and is a reasonably close fit thereon. 
A bending stress is applied to the test piece 
by means of the winch I) and the wire E, 
which is attached to the outer end of the spring 
bar F. The inner end of the spring bar is 
firmly fixed to the sooket C. The outer end 
of the spring bar is supported by two rollers 
Q and G r The socket C carries also a rigid 
bar H. 

The deflection of the spring bar F is a 
measure of the bending moment applied to 
the test piece. Since the rigid bar II is 


not subjected to any bending moment it 
will move through the same angle as the socket 
C, and this movement will therefore lie a 
measure of the bending of the test piece. 
The pen J slides upon the rigid bar H, its 
position being determined by the thin wires 
or cords K and L, which are kept taut by a 
light spring M. One end of the wire K is 
attached to a post N so that as the rigid bar 
II moves in consequence of the bending of 
the test piece, the wire .K will draw the pen 
to the right. The point of the pen marks 
upon a calibrated chart P carried on the 
spring bar F, therefore, if the test piece 
offers no resistance whatever to bending 
force the pen would draw a horizontal line 
on the chart, the length of which is propor¬ 
tional to the angle through which the test piece 
is bent. As, however, the test piece does offer 
resistance to bending there will bo a resulting 
movement between the spring bar F and the 
rigid bar H. 

The pen, therefore, draws a diagram shoving 
the relation between bending moment applied 
and angle of bending throughout the duration 
of the test. The total energy absorbed in 
the breaking of the test piece can he obtained 
from the area of this diagram. 

The machine can also bo fitted with an 
integrating device so that the energy absorbed 
can be read directly from the machine. This 
device is shown in Figs. 132-3. The wire K 
passes round a pulley Q. The pulley Q is 
attached to a spindle having at its lower end 
a Motion disc It, so that the bending of the 
test piece which results in the movement of 
the pen to the right also results in a propor¬ 
tionate rotation of the friction disc It. 

The under face of this disc rests upon the 
edge of the friction wheel, not shown. The 
spindle of the friction wheel is carried with 
the chart plate upon the spring bar F. 
When the bending moment is zero the friction 
wheel is at the centre of the friction disc, 
but as bending moment is applied, and there 
is relative movement between the spring 
bar F and the rigid 'bar H, the friction 
wheel travels towards the circumference of 
the friction disc, and is consequently rotated. 
The rotation will be proportional to the product 
of the bending moment applied and the angle 
of bending of the test piece, and this dovico 
will therefore integrate the total energy 
absorbed in breaking the test piece. Mounted 
upon the outer end of the spindle which carries 
the Motion wheel is an index disc S which can 
be calibrated to read direct in ft.-lbs. 

§ (109) Tests oh Specimens o.t? Dieeereht 
Sizes. —A trustworthy relation has not been 
found between the energy to fracture in test 
pieces of different sizes; there is, however, 
evidence that it is probably different on 
different materials. This is shown from an 
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examination of the results in Tablo 38, which 
gives the results of notched bar impact tests 
on two different steels with geometrically 
similar test pieces. 


gives the ductility in the same terms as the 
statio tensile test, namely, elongation and 
contraction of area, but always with higher 
numorical values. The breaking stress of 


Table 38 

Tests on Geometrically Similar Specimens 


Dimensions 
of Specimen 
' in mm.-' 

Energy to Fracture. 

Steel A. 

Steel B. 

Kg.M. 

Kg.M./Cm. 3 . 

Kg.M./Cm. 3 . 

Kg.M. 

Kg.M./Cm. 2 . 

Kg.M./Cm. 3 . 

lOxlOx 53-33 

4-77 

5-96 

0-89 

1-28 

1-60 

0-24 

30x30x100 

60 

8-33 

0-42 

30-3 

5-04 

0-25 

63 x 63 x 336 

296 

9-32 

0-22 

197 

6-20 

0-16 


* The notch for the 10 x 10 test piece was a 45" voo, 0-25 mm. root radius and 2 mm. deep. The 
notches for the larger test pieces were geometrically similar. 


It will be noted that: 

(1) The energy absorbed is not proportional 
to either the square or the cube of the dimen¬ 
sions of the test piece. 

(2) With the 10 x 10-mm. test piece, steel A 
takes 3f times the energy that steel B does, 
but with the 63 x 63-mm. tost pieces it is only 
11 times. 

There is apparently a scale speod factor 
in the law of resistance of notched specimens 
to sudden shock which appears to be of 
extreme complexity. 

§ (110) Tests on Unnotched Bars. —With 
geometrically similar unnotched test bars, 
either beams or tensile test pieces, the energy 
absorbed in fracture for the same material is 
proportional to the volume of the test piece. 

Hatt, 1 in 1904, as the result of some 
experiments in dynamic tension, came to the 
conclusion that, for steels, there is little 
difference in the total elongation and the 
unit work in fracture whether the fracture 
is brought about in 10 minutes or 0-01 seconds. 
Stanton and Bairstow 2 in 1908 and Delikhow 3 
in 1909 (using a drop hammer typo of machine) 
have also shown that the tensile impact test 
(he. dynamic tensile test) gives numerical 
values which agree with the results of the 
static tensile test. 

Blount, Kirkaldy, and Sankey, 4 in the 
summary to their paper on steel testing 
methods, say that “ the impact tensile test 

1 “ Tensile Impact Tests of Metals,” Amer. Soc , 
Test, Mat. Proc., 1904, iv. 282. 

3 " Resistance of Materials to Impact,” Inst. Mech. 
Eng. Proc., Nov. 20,1908, and Revue de Mdtall., March 
1909. 

3 "Note on the Rupture of Normal Cylindrical 
Test Samples by Longitudinal Impact,” Inter. Assoe. 
Test. Mat. Proc., 1909. 

i " Comparison of the Tensile, Impact Tensile, 
and Repeated Bending Methods of Testing Steel,” 
Inst. Mech. Eng. Proc., 1910, May 27. 

VOL. I 


the matorial can he inferred, but must bo 
reduced by a. factor in order to obtain the 
same numerical value as given by the statio 
test; also it only gives the breaking stress. 
The energy absorbed per cubic inch does not 
vary greatly with the various types of steel; 
it is approximately 60 per cent more than 
that obtained by the static tensile test, and 
is also no definite criterion of the type of tlio 
steel; at any rate, of normal steels containing 
a small proportion of phosphorus. Erom the 
experiments referred to by Breuil 5 it would 
appear that steels containing an undue pro¬ 
portion of phosphorus givo a much smaller 
energy per cubic inch with impact tensile 
tests.” 

§ (111) Tests under [Repeated Bending 
Impact. —In 1908 Stanton 0 carried out ex¬ 
tensive investigations on the method of testing 
by repeated impact, and devised a machine to 
reproduce stress conditions which are mot with 
in certain machine parts in actual use, where 
the effect of alternating blows is produced 
on the material at positions where there is 
a rapid reduction of cross-section. The tost 
bar, 0-500 inch diameter and 6-5 inches long, 
is supported on knife edges 4|- inches apart. 
The test piece has a groove turned round the 
oontro of "the span 0-05 inch deep, so that the 
effective diameter at the bottom of the groove 
is 0-400 inch. The groove is in the form of 
a vee, whoso angle is 65° and root radius 
0-01 inch. The test piece is fixed in the 
machine, where it receives blows at the rate 
of about 90 per minute from a hammer whose 
weight is 4-71 lbs., and of which the height 
of fall is adjustable. 


* Revue de mdcanique, 1908, p. 537. 

“ “ Resistance of Materials to Impact,” Inst. Mech. 
Eng. Proc., Nov. 20,1908, and Revue de mdtall., March 
1909. 
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Between each blow the bar is turned through 
180° and the test is continued until failure 
of the test bar. The number of blows to 
cause failure is recorded by a counter. 

A series of tests is usually made on each 
material with varying energies of blow, and, 
by plotting the energies of blow as ordinates 
and the number of blows to fracture as ab¬ 
scissas, a curve is obtained from which useful 
information as to both the impact strength 
and fatigue strength of the material can be 
obtained. In Stanton’s original paper it is 
clearly stated that when tire number of blows 
is less than 500 the results approximate to 
those of the single blow impact test, and that, 
when the number of blows for fracture exceed 
100,000, the results are in the order of the 
fatigue ranges of the materials as determined 
in a Wohler test. During the war it has been 
a common practice to compare materials by 
the number of blows required to cause fracture 
when the height of the fall of the tup is kept 
constant. As the height of fall selected causes 
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fracture after from 4000 to 6000 blows the 
results cannot be properly interpreted. 

The results from tests on steel correctly 
and incorrectly heat-treated are given in 
Table 39 and plotted in Fig. 134. It will bo 
noted that the incorrectly heat-treated bars 
are considerably weaker as regards notched 
bar impact, hut slightly stronger under fatigue. 


Table 30 

Repeated Bending Impact Tests on Boii.ee Plate 

CORRECTLY AND INCORRECTLY HEAT-TREATED 


Energy of 
Blow. 
Incli-lbs. 

Number of Blows to cause Failure. 

Material correctly 
Heat-treated. 

Material incorrectly 
Heat-treated. 

3-63 

3886 

5871 

4-71 

2366 

2013 

5-89 

1636 

1450 

7-35 

1043 

629 

13-32 

474 

259 

24-46 

155 

61 


The test bar previously described is the one 
adopted bv Stanton for his research,, and has 


a notch very similar to the standard T/.od 
notch, which is easily reproduced. A notch 
0-05 inch wide and 0-05 inch deep with 
parallel sides and practically sharp corners 
has been sometimes used in conjunction with 
this tost. 

The Eden-Foster machine, manufactured 
by the Foster Instrument Company, Letch- 
worth, is a close copy of Stanton’s original 
machine and embodies its principal features. 

The illustration (Fig. 135) gives a general 
idea of the external appearance of the machine. 
The main spindle, not shown in the illustration, 
projects through the side of the box casting, 
and is driven by an electric motor with 



Fig. 135. 


suitable gear or worm reduction. About 
0-1 horse-power is required to drive the 
apparatus. 

The main spindle carries a dog clutch 
driving a earn, which has a roller bearing on 
its upper surface and attached to the lower 
end of the rod H. Fixed on the rod H is an 
arm J which engages with the lower face of 
the hammer M; thus, when, the rod H rises 
by rotation of the cam, the hammer M is 
lifted. The guides for the hammer consist 
of two sets of three point screws carried by 
two castings attached to the standard Gl¬ 
and its fellow on the opposite side. 

Mounted on the standard G is a sleeve 
W, free to rotate about the standard, but 
normally held in a fixed position by a spring 
L. Clamped on the sleeve W is an adjust- 
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able catch K. As soon as the arm J has 
lifted the hammer sufficiently, the spring L 
causes a partial rotation of the sleeve W, 
so that, when the arm J again descends, the 
hammer is held by the catch Iv. The 
further descent of the arm J brings its lower 
inclined face in engagement with the roller 
N, attached to the sleeve W, in such a 
manner that the catch Iv releases the 
hammer M, allowing it to fall upon the 
test piece 0. The hammer M is furnished 
with a hardened tool-steel tup. Two hammers 
are provided to allow for a wide range of 
tests, the weights being 5 and 2 lbs. respect¬ 
ively. The height of drop, which depends 
upon the position of the adjustable catch. K 
on the sleeve W, can be varied from 1 to 
4$ inches. 

The test piece is carried by two hardened 
steel bushes in the plummer block PP. It is 
rotated through 180° between successive blows, 
the rotation being arranged so that it begins 
and ends entirely between the successive 
blows. 

The revolutions of the test piece are 
recorded by a counter V, and the number of 
blows is found by multiplying the counter 
record by two. When the test piece breaks, 
it comes in contact with an arm X, and 
thereby trips the clutch and stops the 
machine. 

The test piece is driven, through a universal 
joint, by the chain S, free-wheel and clutch 
T. One end of the chain is attached to the 
roller, at the lower end of the rod H, which 
bears on the cam, and the other end carries a 
suitably guided weight. 

All the gear is fixed to the easting which 
forms the cover of the lower tank casting. 
The latter is partially filled with oil for 
lubrication of the surfaces. 

§ (112) Effect of Temperature on the 
Mechanical Properties of Metals.— Many 
parts of machinery work at temperatures con¬ 
siderably above or below the normal, and it 
is essential for the purpose of economy and 
safety in design that the more important 
effects of temperature on the mechanical 
properties of materials should ho well under¬ 
stood. 

§ (113) Testing Apparatus. —The oldest 
method used for testing at temperatures above 
that of the air was that of heating the test 
piece in a furnace, transferring it to the testing 
machine, and conducting the test very quickly 
in air. The values obtained by that method 
were very unreliable, and in recent tests the 
samples have been immersed in a hot bath 
for the whole duration of the test. 

The medium used in the hot hath can either 
be a liquid or gas, but it is essential that the 
heating medium should neither attack nor 
alloy -with the test piece. _ Suitable materials 


for liquid baths are given in the following 
table : 


Material. 

Temperature used 
in “ O. 

Water .... 

Up to 100 

Paraffin .... 

Up to 200 

Mineral oil 

Up to 350 

Nitrate of potassium and) 
nitrate of sodium i 

350-000 

Lead and tin 

300-400 


Air is nearly always used for the gas bath, 
but it causes oxidation of the test sample, 
and for special cases the test may bo carried 
out in vacuo, 1 nitrogen, 2 or carbon dioxide. 3 
Rucleloff 4 made use of baths of steam (up 
to 100° 0.), naphthalene vapour (200° C.), and 
naphthylamino vapour (300° C.). 

The heating of the bath is carried out in 
several ways: 

(1) By gas jots arranged underneath the 
test piece, which is held horizontal. This 
method is adopted by Unwin r> for a liquid 
hath, and by Charpy 0 for an air hath. 

(2) By gas jets above a horizontal test piece— 
adopted by Lo Chatelier. 7 

(3) By gas jets at the sides. This is used 
in conjunction with a vortical testing machine 
by Martens 8 and Bach. 0 

(4) Steam-heating coils are used for tests 
on 50-feet lengths of copper wire, up to 
temperatures of 00° C., carried out at the 
National Physical Laboratory. 10 

(5) Electric heating coils arc used by 
Stribeck, 11 and Hopkinson and Rogers. 12 

For general convenience the last method 
is to he preferred. Two electric, furnaces, 
successfully used at the National Physical 
Laboratory, are given in Figs. 136 and 137. 
They axo both used in connection with a 
vertical testing machine. 

A platinum furnace for temperatures up to 
1200° 0. is shown in Fig. 13(5. The heater {a) 
consists of a platinum strip, 0-75" x 0-0007", 
wound on a fire-clay cylinder (outside diameter 
2-25 inches, thickness 0-187 inch, and 131- 
inches long), with a. pitch of 1 inch. The 


I Eosenlmin and Humphrey, Iron and Steel Inst. 

J ., 1913, No. 1. . „ 

II Hopkinson and Eogera, Engineering, 1005, ii. 
331 

8 Bongough and Hanson, Inst, of Metals J., 1914. 

I MM. a. d. Kgl. Teehn. Versuclmnstalten zu 
Berlin, 1893, p. 202. 

5 “ The Strength of Alloys at Different Tempera¬ 
tures,” Report of Brit. Assoc., 1899. 

0 Bulletin de. la SocUU d’encouragement, 1800. 

7 Raumateriallamde, 1901, p. 157. 

8 Mitt. a. d. Kgl Techn. Versuclmnstalten zu 
Berlin 1890. 

0 Zeils. Vereines Deutsch. Ing., 1900, p. 1749; 1901, 
pp. 108 and 1477 ; 1903, p. 1702 ; 1904, pp. 385 and 

’ 10 Batson, “ Hard-drawn Copper Wire,” Collected 
Researches, N.P.L., 1912, viii. 

II Zeits. Vereines Deutsch. Ing., 1903, p. 559. 

12 Engineering, 1905, ii. 331. 
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ends of the strip are clamped in position on 
the cylinder by metal clips I). A steel case 
B (about 8 inches diameter and ,1/16 inch 
n Fumace hum] from n thick) surrounds the 

Testing Machine _II heater, and the space 


Metal Clamping Strip 

( D),_ 


I m r 

lit t 


. Fireclay Cylinder 
j (Q •187” thick) 

I Asbestos and 
'*"*] Magnesia Fluff 

_ Tungsten Steel 

Tost Piece 

i= rff 

' —Steel Case (B) 
vy (’/te'thick) 

CO 

Platinum Strip ~~ 
(0.70"x0.0007" 

I l" pitch) 



iT^Uutad 'Thermo Couple IF) C - 1 , 
Terminal '» Porcelain tubing 5 

Sectional Elevation 


Diagram stowing 
method of winding 
tlie Platinum Strip 
on the Heater. 


between the two is 

© packed with asbestos 
and magnesia fluff. 
The whole is clamped 
between two end 
plates C t and C 2 , on 
one of which two 
insulated terminals 
are fixed; these are 
connected to the two 
ends of the platinum 
Sec 1 ion on lino A-B, heating coil. The 
Fra. 130. furnace, which is 

slung from the top 
shackle of the testing machine, takes a current 
of 15 amperes. 

Pig. 137 shows the 600° C. furnace. With 
this furnace tho heater is formed with ni- 
clvrome wire wound on to a brass tube A 
(2| inches diameter and 15 inches long). 
Tho tube is bound with mica, before winding 
the wire, in order to insulate it, and over 
the wire a binding of asbestos string is placed 
so as to keep the former in position when it 
expands on rise of temperature. The heater 
is surrounded by a’ steel case B, 7 inches 
diameter, and the space between the two 
is filled with asbestos fluff. Two steel plates 
Oi and C 2 are bolted together, clamping the 
heater and outer case between them, and are 
arranged to connect the furnace to the frame 
of the testing machine at E x and E 2 , The 
ends of the heating coil are connected to two 
insulated terminals on the top plate. No. 18 
ni-ohrome wire, having a carrying capacity 
of 11 amperes at 500° 0., is used for the heater. 
The wire is coiled closer at the ends, in order 


to allow for the conduction of heat through 
the shackles and give uniform heating over 
the central 3 inches to 4 inches of the furnace. 

In another furnace of the same type tho 
conduction of heat through the shackles is 
equalised by having the main heating coil 
wound at constant pitch throughout its length, 
and supplementing this by two further coils, 
one wound at each end of the furnace. These 
coils are wound over the main coil, mica in¬ 
sulation being inserted, and are connected to 
separate circuits. 

§ (114) Arrangement of Testing-machine 
Grips and Bate of Loading.— It is important 
that the size of test piece, form of grips, and 
length of furnace should be carefully propor¬ 
tioned to obtain uniform heating of tho test 
piece. It is found that either high chromium low 
carbon or high tungsten high carbon steels (i.e. 
13 per cent t-T"- 

cliromium, 

0-35 per cont Insulated Terminals 


(B) 

Steel Case - 


wm 


\>r\0 y. 

!>’'<( (i? Asbostca 
f -Fluff 

■Jy 'V 


(A)_- 

Brass tube wound with 
Hi-Chrome wire, Wired 
closer at the ends to 
allow for oonduation 
through the shackles 


carbon or 18 ft#ft | : <i) 

per cent K£> $ II 

tungsten, 0-6 feB & ! i 

per cent car- t : I e a 

bon), give tho J. 

. most satis- c’ Mloa Insulation 1 i 

factory hold- on the Brass Tube LJ— 

ers for tests Sectional Elevation 
at over 600° 

C., as they 

combine a -- • C[ _.M 

fairly high /y' \ 

tensile // \ | || 

strength with / ( / ^ = ^. \ I || Column 

freedom from 4(H) (( jjdtj)] ! $L 

scaling. Of Hr ' J I JitacWnB 

tlie two steels \\ / j || 

the former _i y ' v \ 

scales very ---_-y' f] 

little, while Plan Jq- 

*5 ^ FIG. 137. 

although it 

scales a little more, has a slightly higher 
tensile strength at high temperatures. 

Uniformity of speed in loading is an im¬ 
portant condition for strictly comparable 
results. As the speed of loading increases 
larger _ strength values are obtained. Le 
Ohatelier found that with hard-drawn copper 
wire tested at 250° C., the ultimate breaking 


tir 


Fig. 137. 
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strength increased from 11-4 to 21-6 tons per thermos flask is a convenient receptacle for 
square inch as the duration of the test decreased the ice and cold junction, 
from 1800 seconds to 20 seconds. . Both Le Various combinations of metals are used for 
Ohatelier and Stribeck have shown that the thermo-couples, according to the maximum 
elongation of copper diminishes with reduction temperature for which they are to he used: 
in the speed of loading. (ci) Base metal thermo-couples. 

§ (115) Temperature Measurement for Iron-constantan (wires) thermo-couples for 
Strength Tests. —With liquid baths sufficient temperatures up 
accuracy can usually he obtained by taking the to 600° C. Iron- 
temperature of the liquid, hut it is essential constantan 
that the tost should not he carried out until (rods) thermo- 
uniformity of temperature is attained. couples for tem- 

With an air-bath there is incomplete conduc- peratures up to 
tion of the heat between the surrounding air 800° C. 
and the tost piece, and it is necessary that the (b) Rare metal 
temperature of the sample be directly measured, couples. 

This is most conveniently carried out by means Platinum — 
of a thermo-electric pyrometer, which can platinum and 10 
either be placed in a hole drilled down the per cent rliod- 
test piece,, as was done by Bregowsky and ium for tem- 
Spring, 1 or laid close against the sample and peratures up to 
bound to it with asbestos string. 1400° C. Pig. 138. 

The thermo-electric pyrometer consists of Platinum — 
three distinct parts, viz. : platinum and 10 per cent iridium for tempera- 

(i.) The thermo-couple 2 which receives the tures up to 1400°. C. 
temperature. It is essential for temperatures above 800 V. 

(ii) The indicator from which the tempera- that the couple should he protected by quartz 
hires are observed. or porcelain tubes. A thermo-couple placed 

(iii.) Leads connecting the thermo-couple to in small porcelain tubing is seen at 4 {-tig. 

the indicator. 136). _ 

The thermo-couple consists of two wires, A The indicator is usually a sensitive moving 
and B, of different composition. The ends of coil galvanometer of high internal electrical 



A and Bare joined 
together and form 
a circuit. One 
junction is placed 
in a known tem¬ 
perature, usually 
zero, while the 
other is placed 
against the 
material whose 
temperature is to 
bo ascertained. 
The difference in 
temperature be¬ 
tween these ends 
sets up an electro¬ 
motive force 
which is propor¬ 
tional to the tem¬ 
perature differ¬ 
ence. ThisE.M.F. 
is measured and, 




by means of a ^ B 

calibration, gives Fig. 139. 


the temperature. 

The cold junction is usually placed in ice 
in order to ensure a constant temperature. A 

1 " Effect of High Temperatures on the Physical 
Properties of some Alloys,” International Association 
for (Pristina Materials , 1912, vii./l. 

2 See “Thermocouples,” § (2). 


resistance, having the scale marked in tem¬ 
perature readings which depend upon the 
type of thermo-couple employed. It is gener¬ 
ally an advantage to also have the instru¬ 
ment provided with a scale giving its readings 
in m illivolts. 
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Complete thermo-electric pyrometer outfits 
are supplied by various firms of instrument- 
makers. Fig. 138 shows the type of indicator 
which the author has found most suitable for 
ordinary high temperature test work. It is 
supplied by the Cambridge & Paul Instru¬ 
ment Company. 

§ (116) Determination of Elastic Limit 
and Yield Point at High Temperature.— 
In the majority of high temperature furnaces 
the test piece is not visible during the test, 
so that the yield point, if one exists, cannot 
be obtained by noting the extension by a 
pair of dividers, and the attachment of an 


Pig. 140. 

extensometer is more difficult than with tests 
at air temperature. 

In 1890, Martens 1 adapted his mirror ex¬ 
tensometer for high temperature work The 
test piece tt (Fig. 139 (A)) was turned down in 
the centre at cd. The extensometer clips were 
attached at b on the lower enlarged end, and 
were carried out of the furnace for attachment 
of the measuring rhombs at a. The extension 
was therefore measured on the length ab, and 
correction was made for the extension of the 
en arged ends in order to obtain the extension 
of the gauge length cd. 

Rudeloff,* in 1895, slightly modified Martens’ 
1890 ^^’ (L d ' ' Kgl ' Teclm ' Fersuclmnslalten zu Berlin, 

* Ibid., 1895, pp. 29 and 198. 


arrangement, and used two pairs of clips, in ami 
n (Fig. 139 (B)), with the mirror rbombs /> 
between them. Here again the true elonga¬ 
tion has to be obtained by calculation; the 
length of the thick part, however, ;is small, 
and as the whole of the measured length is in 




the furnace, tho observations arc uninfluenced 
by variations of temperature. 

Lee and Crowthor, 3 in 1914, adapted Rudo- 
loff’s arrangement of clips to a horizontal 
testing machine; they, however, attached them 
to the reduced part of tho test piece. 

In Figs. 139 (C) and 140 is shown tho high 
temperature extonsomotor which is proving 
very useful at the National Physical Labora¬ 



tory. This is a combination of the besl 
features of both, Rudeloff and Lee's extenso 
meters, with the addition of two micromotor* 
for measuring. extensions beyond the elastic 
mut. The clips aa and bb are attached tt: 
the reduced part of the test piece by 0 spring* 
and protrude from the furnace. The innei 
clips aa are guided on flats on the teat piece 
holders by small rollers c. Mirrors and 
3 Engineering, 1914, xcvill. 487, 
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rhombs arc placed between the clips, and tho 
whole is clamped together by a special spring 
attached to notches on the outer clip. 

Extension of the test piece causes relative 
movement between the clips aa and bb, and 
therefore rotation of the mirror rhombs pp, 
which is measured in the usual way by a tele¬ 
scope and scale. The relative movement of tho 
clips is also measured by two micrometers ee 
attached to the inner clips and working against 
the outer ones. 

Curves for tests on phosphor bronze with 
this instrument are shown in Figs. 141 and 142. 
Fig. 141 gives the elastic lino and limit of pro¬ 
portionality at temperatures of 20, 120, and 
288° 0., plotted from results with tho rhombs 
and mirrors, and Fig. 142 shows the full stress 
strain curves at temperatures of 20, 120, 205, 
and 288° C., obtained by using tho micro¬ 
meters. 

VII. Results of Tests at Varying 
Temperatures 

§ (117) Results of Tensile Tests, (i.)' 
Iron and Carbon Steels .—Strength tests at 
high temperatures have been carried out since 
the early part of the nineteenth century. 

In 1820 Tremery and Proirier-Saint-Bri.ee 1 
showed that, although the tensile strength of 
hammered wrought iron was 27-0 tons per 
sq. inch at air temperature, it fell to 5-0 tons 
per sep inch at red heat. Fairbairn, in 1850, 2 
showed that iron possesses a maximum resist¬ 
ance to fracture at 250° 0. and this has 
frequently been verified for iron and steel. It 
has also been shown that this maximum 
resistance is preceded by a minimum, which 
occurs at about 120° 0. 

An extensive series of tests were carried out 
on iron and steel at the Watertown Arsenal 3 
in 1888, from which the following conclusions 
can be drawn: 

(1) The change in the ultimate strength is 
very small up to about 150° 0. There is 
evidence of a slight reduction at from 100 to 
120° 0., and after 150° C. there is an increase 
until, at 250° C., a maximum is reached, which 
is from 10 to 15 per cent higher than tho 
normal. Prom 250 to 950° C. there is a 
continuous fall in strength, which at tho latter 
tempera,ture gives a reduction in strength of 
80 to 85 per cent of the normal. 

(2) The elastic limit decreases with increas¬ 
ing temperature. Up to 350° C. this decrease 
is directly proportional to increase in tem¬ 
perature, so that at 350° 0. the elastic limit is 
about 70 to 75 per cent of that at normal 
temperature. 

(3) With cast iron the ultimate strength is 
approximately constant up to 500° C., after 


1 Annales des Mines, u. 513. ; 

a Report of the British Association, 1856, p. 405. 

8 Johnson’s Materials of Construction, 1918 edition 
p. 759. 


which it falls until, at 950° 0., it is about 20 per 
cent of the normal value. 

Martens, 4 in 1890, published an elaborate 
series of tests on the strength of steed at 
temperatures up to 000° 0., and included a 
determination of the limit of proportionality. 
He used a paraffin bath for temperatures up 
to 200° 0., a bath, of lead and tin for tempera¬ 
tures up to 000° 0., and for low temperatures 
a mixture of three parts by weight of ice and 
one part of salt. Temperatures up to 400° 0. 
were measured with a mercurial thermometer, 
and for higher temperatures an air thermo¬ 
meter was employed. 

Tests by Lee and Orowtlier show that the 
modulus of elasticity of mild steel varies from 
29-G x 10° lbs. per square inch at normal 
temperature to 12-8 x 10® at 600 C. They 
also found that the ultimate stress was a 
maximum at 250° 0., but that the stress 
obtained by dividing.the breaking-load by the 
area at fracture was a minimum at that tem¬ 
perature. Tho figures given in Table 40 have 
been taken from tho plotted results, 


Table 40 


Tensile Tests on Mild Steel 
Temperatures 


at Varying 


Tempers- 
tmu " C. 

Modulus ol 
Elasticity. 
Lliu./Sci, In. 

Yield Stress. 
Tons/Sti. In. 

Ultimate 
Stress, 
Tous/Si]. III. 

Reduction 
of Ana. 
Pur cent. 

20 

29-6 X 10" 

■ 21-4 

28-7 

57 

110 

29-3 x 10° 

194 

29-2 

. . 

240 

28-3 x 10" 

16'G 

39'0 

05 

310 

27-0x10° 

10'3 

37'9 

02 

445 

23-3 x 10° 

154 

25-7 

32 

520 

17-7 x 10° 

12-5 

17-3 

15 

570 

14-8 X 10" 

9-7 

12-1 

4 

GOO 

12-8 X 10° 



• • 


(ii.) Alloy Steels .—The behaviour of special 
alloy steels at high temperature has been studied 
by Aitchison, 5 A synopsis of results of tensile 
tests, most of which were made at tho National 
Physical Laboratory, is given in Table 41; 
these show that the tungsten steels with high 
percentages of carbon (i.e. about O'6 per cent) 
have the greatest tensile strength at high 
temperatu res. This strength is nearly equalled 
by the high chromium steels also containing 
a high percentage of carbon. 

With high chromium and high tungsten 
steels the percentage of carbon seems to play 
an important part in their strength at high 
temperatures. Thus with the 11 per cent 
chromium steel, reducing the carbon content 
from l'O to 0-4 per cent reduces the tensile 
strength at 900°C. from 7-5 to 4-8 tons per 
square inch, while a reduction of the chromium 
content from 11 per cent to 6-3 per cent, with 

1 Milt. a. d. Kill. Techn. Versuchsanstalten zu Berlin, 
1890 

8 “Valve Failures and Valve Steels in Internal 
Combustion Engines,” Inst. Auto. Eng. Proc„ 1919. 




216 


ELASTIC CONSTANTS 


the carbon content at .1 per cent, has no effect 
on the tensile strength at that temperature. 

When the temperature exceeds 600° G. the 
strength of alloy steels falls off rapidly; this 
is particularly noticeable with nickel chrome 


on hard-drawn copper and bronze wire show 
that between - 20" O. and ■|(>0”G. a rise of 
1° G. corresponds to a decrease! of ()• I p ( *i* p, 
of the breaking-load and an increase of <».;j 
per cent in the total extension at 15” G. Thorn 


Table 41 


Steed. 

Ultimate Strength in 

Tons p 

T S(|. Il 

35. 

050. 

700. 

750. 

800. 

17 per cent tungsten, 0*65 per cent carbon 

58 

25 

17*7 

13 

10*3 

16 „ 

„ 0*45 „ 

45 


15*5 



14 „ 

„ 0*70 „ 

51 

20 

15*9 

10 

7*0 

12 „ 

„ 0*45 „ 

48 


14*7 


7*1 

11 „ 

chromium, 0-40 „ „ * 

43 

14 

12-1 

8 

6*6 

11 

chromium, 1-0 ,, „ 

07 


15-1 

10 

8*5 

6*3 „ 

„ 04 

66 


17*0 



6*3 „ 

» M 

78 


184 



3 „ 

nickel, 0*3 „ 

50 


9*4 



3 „ 

„ 0*6 



114 



3 „ 

chromium, 0*35 „ 



84 



3 „ 

» 0*7 



11*7 



Ordinary 

nickel chromium .... 

55 

16 

10*5 

8 

7*0 


lid 


:io*o 

SMI 


iMi 


8*8 
(b:i 
7 •(> 
74 
4-8 
74 
7-0 
74 
3*0 
44 
*141 




(Ml 


44 

(14 


:i*o 


steels and nickel steels, between which there 
is very little difference at high temperature. 

(iii.) Alloys .—The use of fittings under super¬ 
heated steam involves temperatures up to 
400° C„ and the study of brasses, bronzes, etc., 
up to these temperatures has been undertaken 
by numerous investigators. Unwin, 1 in 1889 
communicated a report to the British Associa¬ 
tion on tensile tests of delta metal, gunmetal, 
muntz metal, copper, brass, phosphor bronze, 
and^ aluminium bronze at temperatures up to 
3o0° C, 

Rudeloft, 2 Bregowsky and Spring, 3 Dew- 
rance, 4 and Law 5 have also carried out a 
great deal of work on this subject. 

The tensile strength at high tenpieratures of 
aluminium copper, aluminium copper man¬ 
ganese, and aluminium zinc alloys are given in 
the reports of the Alloy Research Committee. 8 

lhe variations, with temperature, in the 
properties of alloys are fairly regular; there 
is a fall in the tensile strength as the tempera¬ 
ture uses, with change of curvature and 
sometimes humps in the temperature-ultimate 
stress curve. Rolled monel metal, an alloy of 
/° per cent nickel with 30 per cent copper, 
exhibits high strength and ductility at tem¬ 
peratures up to 1550° C. 

Tests at the National Physical Laboratory ? 

I Report of Brit. Assoc., 1889. 
a -Unt. Proc., 1900, vi /I 

Inst, of Metals 1914 ' 

e f™* Inst J., May 1918. 

9fc ’ S I 

Researches N J > Jt^ a iSl 2 p 0pper Wire >” ^ected 


* Stainless Steel. 


0 " (’. 

■ 20 1 a 

■ 40" u 

■ «o" a 

■ ,185" C. 

.s (ir¬ 


is also a slight alteration of the ,modulus of 
elasticity with temperatures met with under 
climatic conditions. 

§ (US) Tensile Tests at Low Tismckiu- 
tubes.—T hese tests are usually carried oul 
by surrounding the test piece' with a batli 
containing a cooling substance, Hitch as : 

loo for temperatures down to 
Ico and freezing salt for temperatures! 

clown to j 

Frozen mercury for toinperatew down to 
►Solid carbon dioxide powder for tom 1 aim- I 
tures down to j 

Liquid air for temperatures down to 

It is essential that the bath should „e sur- 
rounded with a easing containing down paek- 
mg or asbestos Hull in order to obtain a 
uniform temperature. 

Rudeloff, in 18915, found that iron and steel 
gave increased yield stress and ultimate stress 
as the temperature was lowered, while the 
extension was generally decreased by cooling, 
lests made at Watertown Arsenal« gave an 
increase of about 50 par cent in the yield 

,f> , ocmt in 1,10 ollimatt! sirens 
ovei the normal values, when tested at - 185" 
U, but the extension deereased by (13 per cent. 
Cast aluminium light alloys show an in- 
lease over the normal In ultimate strength 

-isle. °° a ’ ttntl 27 1** 

§(119) Notoiibd Bail Tests at Vabvinu 
j,MrEBATmu3S.~.CTiarpy 0 has shown that 

5 a nothedV" 0 ? in 

a notched bar tost piece rises as the tom- 

0 r , “ Rwjr. Rec., Hv. 05. 

Inter. Assoc, Test, Mat. p m ., 1900. 
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pcrature is increased and reaches a maximum 
at about 150° 0.; it then decreases and passes 
through a minimum between 400° 0. and 
500° C., and rises again until red heat is 
reached. 

This work was confirmed by Guillet and 
Revillon, 1 who gave the temperatures of 
maximum and minimum resistance to shock 
as 200° C. and 475° 0. They say that there 
is no particular fragility in a steel broken at 
blue heat (300 to 325° Cl). 

Guillet and Bevillon carried out their tests 
on a Guillery 00 Ivg.M. machine (see § (100)). 
The test pieces were heated in an electric 
furnace to slightly above the temperature 
required for the test, they were then placed 
on the anvil and the temporature noted at the 
time of fracture. The temperature was deter¬ 
mined by the use of a thermo-couple inserted 
in a small hole drilled in the specimen and 
penetrating up to about 3 mm. from tho cross- 
section to be fractured. 

The ends of the test piece were covered with 
asbestos to prevent the cooling of the ex¬ 
tremities when in contact with the anvil. 
Tests at as close to 100° C. as possible were 
obtained by heating in boiling water. 

Aitchison has shown that with alloy steels 
the notched bar tests at high temperatures are 
a reflection of the tensile strength of the steels, 
being more or less inversely proportional to 
that property. In all cases the steels gave 
higher values at elevated temperatures than 
they did under normal conditions. 


§ (120) Ball Hardness Tests at Varying 
Temperatures. —-Felix Bo bin has shown that 
tho curves connecting hardness and tempera¬ 
ture are of the same general form as the tensile 
strength-temperature curves. 

Aitchison 2 gives results of hardness tests at 
high temperatures on tungsten steels of various 
compositions, ranging from 10 per cent to 
IS per cent tungsten, and from 0-2 per cent 
to 0-7 per cent carbon. Both investigators 
find a similar regular drop in the hardness as 
the temperature increases. 

In § (88) it is pointed out that a dynamic 
hardness test is extremely useful for tests at 
high temperatures. Aitchison notes that Ins 
hardness tests were carried out by 0. A. 
Edwards, so that it is probable that the 
results were obtained by the dynamic 
method described by Edwards in bis paper 
read before the Institution of Mechanical 
Engineers. 3 

I-Iadfiold 4 finds that the hardness of 
steel at the temperature of liquid air 
(-185° G.) is double that given at normal 
temperature. 

§ (121) Alternating Stress Tests at 
Varying- Temperatures. — Very little ex¬ 
perimental work has been carried out on the 
effect of high temperatures on the strength of 
materials under alternating stresses. Unwin 0 
conducted some testa at a temperature of 
200° 0. and found that “ the hot bars stood 
variations of stress rather better than tho cold 
ones.” 


Table 42 


Notched Bar Tests at Low Temperatures 


Tensile Test of Material at 171° 0. 

Oharpy Notched Bar Impact Test, on 

5 x 5 x 27-inm. Specimens with 45 

Veo Notch, 1 mm. deep, and 

0-125 mm. Root Radius. 

Yield Stress. 
Tons/Sq. In. 

Ultimate Stress. 
Tons/Sq. In. 


Reduction 

Energy absorbed in Fracture in Kg.M. 

Extension. 
Per cent. 

of Area. 

Per cent. 

17i° C. 

-10" C. 

- 80° 0. 

14 

26-1 

42-0 

01 

2-10 

0-13 

0-10 

31 

53-1 

22-5 

44 

0-20 

0-10 

0-19 


Results are tho average of five tests. 


Some tests on carbon steels at low tempera¬ 
tures, carried out at the National Physical 
■ Laboratory, are given in Table 42. 

Tests at the low temperatures on various 
alloy steels show, that, generally, there is an 
appreciable drop in the energy absorbed in 
fracture between 17-|° 0. and —40° 0., but 
that between -40 and -80°C. the drop, if 
any, is.small, and in many cases there is a 
distinct rise in the value. 

1 Inter. Assoc. Test. Mat. Proa., 1909, iii./4. 


Dome LCJoLo uiu.-j.u3u, uw-u —- ~ — 

steel, having a primitive elastic of 21 tons per 
square inch, ultimate stress of 4b tons per 
square inch, per cent extension of 2b and 

3 “Valve Failures and Valve Steels in Internal 
Combustion Engines,” Inst. Auto. Png. Proc. K 1919. 

0 Edwards and Lillis, ‘ A Law governing the 
Resistance to Penetration of Metals -when tcBted by 
Impact with a 10-mm. Steel Ball, Inst, Mcch. Lug. 

’ 4 Iron and Steel Inst. J., 1005. 

S “ Testing of Materials of Construction,” 1910 
edition, p. 385. 
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per cent reduction of area at fracture of 52, I of which, the inner or central portion (heart' 
gave the results given in Table 43. | wood) is usually the stronger in mature trees*. 

Table 43 


Alternating Stress Tests on Steel at 20° 0. and 250° 0 . 


Range of Stress. 
Tons/Sq. la. 

Alternations 
before Fracture. 

Temperature. 

°C. 

Remarks. 

Limiting Range 
of Stress. 
Toiih/Sc|. in. 

-j-18-2 to 18*2 

2,429,400 

20 

Unbroken 


+ 19-2 to -19-2 

3,299,500 




+20-9 to -20-9 

3,268,400 



- 4-21 to -21 

+21-7 to -21-7 

1,121,000 


Broken 

4-23-7 to -23-7 

3,240,000 


,, 


4-24-6 to -24-6 

1,996,900 

» 

» 

i 

4-16-5 to -16-5 

2,069,000 

250 

Unbroken 


4-17-0 to -17-0 

2,115,600 


Broken 

-1-10-0 to -• 10-0 

4-17-2 to -17-2 

313,050 

v 

4-18-8 to -18-8 

383,750 

’> 

» 

1 


The tests were made in a machine of the 
Wohler type, the test piece running in an oil- 
bath heated electrically, and show a reduction 
of 20 per cent in the limiting range of stress 
by raising the temperature from 20 to 250° C. 
They were carried out at a speed of 2000. 
alternations per minute. 

Tests on some rolled aluminium light alloys, 
by the same method, gave the results in 
Table 44. 


Each annual ring itself consists of two parts, 
viz. tho inner or spring wood and the tin tor or 
summer wood, of which tho latter is tins denser, 
harder, and stronger. Tho strength of a piece 
of timber can therefore be roughly gauged by 
the proportion of summer wood in tho annual 
rings. 

The width of the annual rings indicates the 
rate of growth of tho tree—rapid growth being 
shown by wide rings—they therefore give 


Table 44 


Alternating Stress Tests on Rolled Aluminium Alloys at 20° C. and ICO" 0. 


Ultimate Stress in Static Test. 
Tons/Sq. In. 

Estimated Limiting Range of Alternating Stress 
in Fatigue. Tons/Sq. In. 

20° 0. 

150° C. 

200° G. 

20° 0. 

150" 0. 

21-9 



4- 0-5 to - 0-5 

4-5-5 to -5-5 

26-6 

21-1 

19-5 

4-10-5 to -10-5 

4-7-9 to -7-9 

28-0 

21-5 

19-8 

4-10-2 to -10-2 

+5-0 to ™ 5-0 

24-3 

21-4 

19-5 

4-10-2 to -10-2 

+8-4 to --8-4 

22-7 

20-3 

15-4 

4- 9-0 to - 9-0 

4-0-5 to -0-5 


These results show that, whereas the average 
reduction in static strength by alteration of 
temperature from 20 to 150° C. is about 
17 per cent, the corresponding reduction in 
the fatigue range is about 30 per cent. 

The average limiting elastic range (at 20° C.) 
for the five alloys (A to E) is about 75 per cent 
of the static ultimate stress. With steel this 
value is of the order of 90 per cent. 

VXIX. Tests on Materials of Construction 

§ (122) Testing of Timber. —Examination 
of the cross-section of a sawn log of structural 
timber shows a central pith surrounded by 
concentric rings which are in turn encircled 
by the outer bark. Each ring represents the 
growth of one year in the life of the tree. 
These annual rings can be roughly divided 
into two sections, heartwood and sapwood. 


useful information as to the uniformity of 
growth. The rings are usually widest at the 
centre and become closer near to tho bark. 
Their width and distribution often vary in 
different trees of the same kind, in various 
parts of the same tree, and in different parts of 
the same cross-section. 

Timber is usually divided into two classes -— 
hardwood and softwood. The former is derived 
principally from broad-leaved deciduous trees, 
while the latter is obtained from evergreen 
conifers (needle-leavecl trees). Exceptions to 
this classification are yew and long leaf pine, 
which are hardwoods although coming from 
conifers, while horse-chestnut, poplar and bass- 
wood (broad-leaved trees) a,re softwoods. 

Timber is used by engineers principally for 
structural purposes, and a knowledge of its 
behaviour under various conditions of stress 
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is necessary if it is to bo used to tlio best I 
advantage. I 

(i) Density and Specific Gravity .—I he density 
of timber is largely affected by the percentage 
of moisture thiit it contains, by its rnte of 
growth, position in the tree, and percentage of 

summer wood. , . . , ,, 

As the density is closely related to the 
mechanical properties of timber, its deter¬ 
mination is of importance. It is usually 
ascertained by measuring and weighing 
carefully prepared pieces which, for prefer¬ 
ence, arc made in the form of cubes or prisms. 
If b i, and h are the three dimensions of the 
block in centimetres and W is the weight in 

grammes, . T „„, , .. 

then the specific! gravity = W fib xtxh) 
and weight per cubic feet = Wy/(& x t x h), 
where g is the weight of a cubic foot of water 


piece, in order to examine the distribution of 
moisture throughout the section. The results 
from such a determination on pieces of spruce 
and fir are given in Figs. 143 and 144. 

(iii.) Rings per inch, per cent of Sapwood, and 
per cent of Summer Wood .—These estimations 
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in lbs. (62-4). 

For comparative results the moisture content 
must bo the same; the density is therefore 
usually carried out on dried samples. Tor this 
purpose they arc dried "in an oven at 100° C. 
until of constant weight, and the density cal¬ 
culated from this weight in conjunction with 
the dimensions (dry). 

(ii.) Percentage of Moisture .—All the mechani¬ 
cal properties of timber are affected by the 
moisture content. The strength becomes less as 
the percentage of moisture increases. A deter¬ 
mination of the percentage of moisture is 
always made from each test piece, and results 
which do not include this information are 
valueless. 

The determination of the moisture content 
is made on pieces cut from each sample ; in 
the case of tension, shear, and cleavage tests, 
these consist of pieces split off adjacent to the 
failure. From other pieces a diso or cube is 
taken from as near to the point of fracture as 
possible. 

Discs, etc., are weighed immediately that 
they are cut; they are then dried in an oven 
with free circulation, and kept at a constant 
temperature of 100° C. until they cease to 
lose weight by further drying. They are then 
rewoighod. The moisture contained is ex¬ 
pressed as a percentage of the dry weight of 
the timber. 

If w m - weight before drying, 

io a ~ weight after drying, 
percentage of moisture = 100 x (to w — w d )~w d . 

In order to hasten tho drying process, the 
test piece is sometimes cut into small match- 
sticks or shavings bored from the sample used. 
If this is done, 12 hours’ drying is usually 
sufficient. Drying at 100° O. will eliminate all 
except about 2 per cent of the moisture, and 
this cannot be removed without igniting tho 
sample. 

Sections of beams are usually out into small 
pieces for a moisture determination of each 


Variation of moisture over the section 
Average Moisture — 9’5/£ 

Fig. 143. 

are usually made on the piece cut for percentage 
of moisture determination. A line, one inch 
long, is drawn on the cross-section of the disc 
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Variation of moisture over the section 
Auerage Moisture = 12-9 /y 
FIG. 144. 


in a radial direction and passing through a 
region of average development. 

The width of summer wood crossed by tins 
line is obtained by spacing off accumulatively, 
on a pair of dividers, the width of the summer 
wood bands for each annual ring in succession. 
The final distance between the points of the 
dividers, in hundredths of an inch, is equal to 
the percentage of summer wood. 



















elastic constants 


The number of rings per inch is obtained I usually 
y noting the number of annual rings crossed the cm 

Ti l rrT d siderabl 

J-nc peicentage of sapwood is estimated by the nei 

measuring the amount of the cross-sectional piece? c 
area m which sapwood appears and expressing from thi 

h ?n P r entag r f tllG Wil0le area ' which is 

» (123) Drying Timber Test Pieces.— In to reduc 
order to obtain reliable data from the various content 
tests on timber, the information is usually, sample 
referred to some standard percentage of weight h 
moisture It is considered that timber, if /( 124 ) 
thoroughly dried, will reabsorb 12 to 15 per Timber - 
cent of moisture from the atmosphere. Some classes 
experimenters therefore use 12 per cent, but m « c 
the majority adopt 15 per cent as the standard free fron 
for comparison. Tests are usually carried out uniform :i 
at peicentages of moisture above, below, and (2) Tes 

n Sectional Elevation on XY 

__ El 


usually left at least J in. larger on each of 
the cross-sectional dimensions and also con¬ 
siderably longer. Before drying in the kiln 

. 6 percentage moisture is obtained from 
pieces cut from each end of the sample, and 
Irom this information the reduction in wehdif 
whicli is required by the kiln drying in order 
to reduce the sample to the lower' moisture 
content is calculated. The drying of the test 
sample is continued until the reduction in 
weight is obtained. 

§ (124) Size op Test Pieces eor Tests on 
Timber.— Timber tests are divided into two 
classes: 

(1) Scientific ” tests of small ‘specimens 
free from knots or other blemishes and of 
uniform moisture content. 

(2) Tests on full-size members of structures— 
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air drvt? ^ required for successful 

for test work! n “ USUalIy resorted to 

An experimental hot-air-drying oven or kiln 

IIS 13 T? n SUCCe f sfully used > * shown in 
\ U L - Th ? 8am Plcs are placed on a tray 
A in a circular vessel B which is heated 
T- ^ burner C, and a current of air is 
c riven through this vessel by a rotary fan I 
- D ;. _ complete record of the temperature 

which is never allowed to exceed 80° C is 

a recorder which is placed along¬ 
side the test samples. . 

The test pieces are prepared from the samples 
after drying, and for this purpose the latteraro I 


Section on EF 


struts, beams, etc., which are not homogeneous 

and contain serious defects. 

Tests are necessary under both conditions. 
-Paige sections have the same strength per 
nmt area as small ones when both aro of the 

St q P Tf i0n ! S and simMy free from 
fnmvl tl ^?. U f der P Kl ctieal conditions it is 
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and that tests on small pieces give values for 
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§ (125) Tensile Tests op Timber. — All 
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ther kind of loading. In timber structures the 
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point is the joint which is subjected _ to 
shear. 

It follows that the tensile strength does not 
govern the strength of the mom he.] 1 , and there¬ 
fore, from a practical point of view, it is of 
secondary importance. 


a oomproHsoinoter (§ (34)). These give an 
initial portion of the curve winch is approxi¬ 
mately straight, and it is customary from this 
curve to obtain the modulus of elasticity, and 
compressive stress at the limit of proportion¬ 
ality. Typical results are given in 'Table 45. 


Tamms 45 


Compression (Crustuno) Tests on Timber ai,onu the Chain 
Test Pieces 2 X 2 X 4 inches 


Timber. 

Rings 

per 

Inch. 

Moisture. 
Per cent. 

Limit of 
Proportionality. 
Lbs./Sip in. 

Orunldng 
Stress. 
Llis./Hq. In, 

Modulus of 
Elasticity. 
Llw./iSq. in. 

Spceillo 

(Jravity. 

f 

Oak (English) . . | 


24 

2770 

5300 

0 ■(>«>: 10" 

0-76 

9 

11 

2530 

5410 

0-02 >: 10“ 

0-83 

Fir (Russian) . 

18 

14 

6020 

8040 

2-60 x 10“ 

0-74 

Spruce (Christiania) 

16 

12 

3200 

4600 

14)8x10“ 

0-36 

Fir (Columbian) 

24 

12 

7200 

1)000 

3-10x10“ 

0-78 


The heads and shoulders of tensile tost 
pieces have to be very greatly enlarged, 
otherwise failure takes place either by shearing 
of the ends along the grain or by crushing of 
the ends across the grain. The typo of test 
piece adopted is shown in Fig. 140. The 
section to fracture is naturally small in com¬ 
parison to the ends. Test pieces similar to 
that shown in the figure, but having the 



Fig. 14G. 


reduced diameter 1-25 inches instead of 0-504 
inches, are sometimes used. 

§ (126) Compression Tests on Timber,-— 
Compression tests along the grain give reliable 



Fig. 147. 


indications of the quality of samples of timber. 
Failure usually takes place by shearing along 
planes inclined about 60 to 75° with the axis, 
but sometimes by longitudinal splitting. The 
test pieces (Fig. 147) are generally prisms 
2 x 2 x 4" or 3 x 3 x Q>". 

For investigatory work it is usual to deter¬ 
mine stress-strain diagrams with the aid of 


§ (127) iSii baring STRiwcmi of Timber.— It 
is generally acknowledged by all authorities 
that accurate teats of the shearing strength of 



timber are difficult to make. Two methods 
have been adopted : 

■ (1) With the tost piece in double shear as 
indicated in Fig. 148. 



Fig. 141). 


(2) With tho timbor under single shear 
(Fig. 149). This method has been used, with 
success by Warren. 1 

1 Report of tho Department of Forestry N.F.W., 
Australia•, 1911, on “ JST.S.W, Hardwood Tlmboro," 














222 


ELASTIC CONSTANTS 


The resistance of various woods to shear 
across the grain has been determined by 
Traut wine, 1 whose test pieces were cylindrical 
pins § in. diameter subjected to double 
shear. 

§ (128) Bending Tests. —Bending tests are 
probably the commonest for timber, because 
of the great use of wood for rafters, joists, 
beams, and other parts of structures subjected 
to bending. Long pieces of fairly large section 
can be tested without testing machines of big 
proportions. 

Test pieces are usually rectangular, are 
supported at the ends, and loaded either in 
the centre or at two points as indicated in 
Figs. 40 and 41 (§ (12)). The latter method 
(called four-point loading) is now generally 
preferred, as the maximum bending moment 
is spread over half of the span and is not 
limited to the point directly under the applica¬ 
tion of the load as it is in the central loading 
method. 

A sketch showing the direction of the grain 
at the ends, and the number of the annual 
rings, should accompany each test, as well as 
an indication of the position and mode of 
fracture. The position and character of any 
defects such as knots should also be specially 
noted. Failure may take place by tension, 
compression, or longitudinal shear along the 
grain. 

For the determination of the limit of pro¬ 
portionality and coefficient of elasticity it is 
necessary to measure the deflection for known 
increments of the load. Instruments for doing 
this are described in § (56). 

The strength factor usually measured is the 
modulus of rupture or coefficient of bending 
strength. Although a fictitious value, it is 
nevertheless, a valuable index of the qualitv 
of the timber. J 

The various values obtained from the test 
data are calculated in the following way : 

K ^ = m° tal load at tlie limit of proportion ality 
B — Total load at fracture, 

l =Span between the supports, 

6=Width of cross-section of the test piece, 

A-Depth of the cross-section of the test 
piece. 

Measured deflection at the limit of nro- 
portionality. 1 

{Q For central loading (deflection measured 
on length —l). 

Greatest shearing stress = 3B/4 bh. 
otress at the proportional limit = 3P//26/i 2 
Modulus of rupture = 3BZ/26/t 2 .' 

Modulus of elasticity=PF/ 45 / t s^ 

(ii.) For four-point loading (where the distance 
between the loading points-L, and the 
deflection is measured on length Z in 
the section under uniform bending 

Franklin Inst. Journal , cix. 100, 


moment, and is less than L. B ami 
' P are the sum of tho two loads at the 
loading points). 

Greatest shearing stress =•-• 3.B/4 t>h. 

Stress at proportional limit = 3P(/ - L)/2 hdfi. 
Modulus of rupture — 3 B(/~ L)/2bd.'\ 
Modulus of elasticity - 3P(/ - L) , 1 "/SZ//PW. 

Fig. 150 shows typical load deflection 
diagrams for Christiania spruce and Peters lax rg 



OQQOOQQQqq oo O 

Deflection in Inchon on Span of SO inoliun 
under Uniform Bonding Moment 

Fid. 150. 

fir, while Fig. 151 gives tho load-extension 
diagrams in tension and compression for tho 
same materials. 
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an Izod testing machine (see § (100)) is utilised 
to carry out this test, and the form of test 
piece is given in Fig. 1153. The test piece is 
notched with the annular rings as indicated 



in the sketch, and the top of it, where tho tup 
strikes, is protected by a steel plate. 

Impact Bending Test .—In this test the 
specimen (2x2x30") is supported at the 
ends on a span of 28 


Nate the position of 
the Annual rings 




inches. The load is 
applied by dropping 
a hammer upon the 
specimen at mid-span, 
Tup strikes * rom an initial height 
of one inch. For suc¬ 
ceeding drops the 
height is increased by 
1-inch increments up 
to 10 inches, and there¬ 
after drops are made at 
successive increments 
of 2 inches, until 
failure. Hammers of 
50, 100, and 250 lbs. 
are used. 

Deflections of the 
specimen are measured 
with each drop, and a 
curve is drawn con¬ 
necting height of drop and deflection squared. 
Deflections are obtained from a drop curve 
traced on a revolving drum. 



Fig. 153 


If W=weight of the hammer, 

H=height of drop at elastic limit, 

F=fibre stress at elastic limit, 

D=central deflection of specimen at 
elastic limit, 
b — breadth of specimen, 

//.—height of specimen, 

L=span, 

then 

Fibre stress at elastic limit = 3WHL/DW/. 2 . 

Modulus of elasticity — L 2 x F/6D7/. 

"Work to elastic limit — WH/5AL, 


§ (130) Cleavability. —For the resistance 
to splitting the U.S.A. Department of Agricul¬ 
ture use tho test piece indicated in Fig. 154, 
and express the results in pounds per inch 
of width at fracture. Tests have been carried 
out to determine the resistance to splitting 
radially as well as tangentially to the annular 





rings, and the results (Table 46) show that 
most hardwoods split more easily along radial 
planes than along tangential surfaces. 


Table 4G 


Kind of Timber. 

Cleavage Strength in 
Pounds per Inch of Width. 


Kadial. 

Tangential. 

Hardwoods— 



Ash . 

322 

316 

Elm . . . 

297 

357 

Oak . 

370 

462 

Softwoods— 



Fir . 

138 

149 

Hemlock . 

168 

161 

Yellow pine 

155 

173 

Spruce 

120 

139 


Splitting is related to tensile strength across 
the grain. A high value is advantageous for 
timber which has to be fastened by nails or 
spikes. 

§ (131) Hardness Tests on Timber.—T he 
ball hardness test has been applied to timber 
in two ways: 

(1) The first method, adopted by Warren, 1 
follows the Brinell test for metals, viz. a 
ball of fixed diameter is pressed into the 
timber under a known load maintained for a 
stated time. The hardness number is calcu¬ 
lated from the formula 



1 Report of the Department of Forestry, N.8.W., 
Australia, 1911, on “ N.S.W. Hardwood Timbers,” 
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wliere H = the hardness number, 

P = the load in kilogrammes, 

A = the projected area of the indenta¬ 
tion (-?nf 2 /4). 

Warren uses a ball of 20 mm., load of 1000 
and time of 2 minutes, tie found that 
e hardness along the fibre is considerably 
greater than either parallel or perpendicular 
no the annular rings. 

TT cf '\ ’ rJlC second method, largely used in the 
U-te.A., is to press a ball of 0-444 inch 
ammeter into the timber until it has pene¬ 
trated 0-222 inch. The load required is 
taken as a measure of the hardness. The 
test tool is a steel bar with a hemispherical 
end Tins end projects through a hole in 
niie bottom of a cup-sliaped washer. When 
the tool, has penetrated the timber to the 
correct depth there is binding between the 
Bteol bar, washer, and specimen. The load 
at that instant is noted. 

With the Ludvvik cone test Warren 1 used 
the standard 90° cone and a pressure of 400 
Kilogrammes applied for one minute. The 
depth was measured by an indicator as the 
test proceeded. 

§ (132) Resistance of Timbers to Abra- 
sioh AND Wear.— Relative wear has been 
tested by pressing blocks of the material 2 x 2" 
under a pressure of 20 lbs. against a table 
covered with fine sandpaper and revolving at 
revolutions per minute. A better method 
was used by Warren, 2 who utilised a sand¬ 
blast. The test piece, 3 x 3 x 1", was clamped 
against a plate having a 21-inch hole in it, 
juk! together with the plate was rotated about 
its own axis. A jet of superheated steam 
under a pressure of 43 lbs. per square inch, 
carrying sand in it, was projected through 
an expanding nozzle on to the surface of the 
rotating test piece. The sand - blast wore 
away the wood on the exposed diameter of 
*■'? inches, and the loss of weight of the test 
piece m two minutes’ exposure gave a measure 
of the wearing quality of the wood. Tests 
wore made— 

(a) Parallel to the direction of the fibre. 

(b) Perpendicular to the direction of’the 
fibre and perpendicular to the annular rings. 

v 5 ) Perpendicular to the direction of the 
h In o and tangential to the annular rings 
The results showed that the wear was least 
parallel to the direction of fibre, the ratio in 
the three directions being at b s c = l: 2J : 4. 

§ (133) Holding Rower of Nails "and 
Spikes in Wood.—N ails hold in timber by 
virtue of tho friction developed between the 
am face of the nail and the libres of the timber. 
An investigation into tho holding power of nails 
and spikes in Australian timber was carried out 


by Warren in 1911, who found that Australian 
timbers were so hard that it was necessary to 
first bore a hole slightly smallor than the nail 
in order to prevent either budding of the 
nail or splitting of the timber. Six-inch No. 1 
S.W.G. smooth steel wire typo nails were 
driven to a depth of 31- inches in the timber 
in holes bored to -/g-inoh diameter. They 
were withdrawn by pulling in tho testing 
machine, and the loads to pull from various 
depths were noted. The results showed that 
the holding power was approximately pro¬ 
portional to the depth, as shown in Table 47. 

Table 47 

Holding Power dip Nails 



1 Jteport of the Department of Forestrn NSW 
A.untralm, 1911, on “N.S.W, Hardwood Timbers.” ’ 


For driving spikes, holes slightly smaller 
than the diameter of the spike must be drilled. 
Warren found that f-inch square section 
twisted spikes required 30 per cent more 
load to withdraw them than f-inch square 
or f-inch circular blade iron straight spikes. 

Hatt, 3 experimenting with - inch to 
„-Mich square smooth spikes and screwed 
spikes pitch & inch, root diameter U inch 
driven in 1 1 -inch holes to a depth of 5 inches, 
found that the plain spikes had about 55 per 
cent ^ of the resistance of the screwed ones. 
Ilatts results agreed with thoso of Warren 
in showing that the holding power was 
proportional to the depth. 

§ (134) Influence of Conditions of Tests 
upon Results, (i.) The Effect of Moisture— 
1 he effect of moisture on tho strength of wood 
has been thoroughly investigated by Tiomann, 1 
and his results, which are fully given by 
tJo.mson,® show that there is a large increase 
m crushing strength, modulus of elasticity, and 
modulus of rupture with a decrease in tho 
moisture content. Table 48 gives tho approxi¬ 
mate figures for spruce, chestnut, and pine. 

(n.) Effect of Temperature of Testing.— Tho 
ordinary variations of temperature of the 
aboratory (15° C. to 25° C.) are not important, 
but it greater extremes occur it is aclviHublo 
that the temperature at which tho tests are 
earned out should he controlled. Tests made 
at 1 erduo University show an increase in the 
strength of red oak ties of from 9 per cent to 

^ Pf ° ent b y te sting them at 0° C. instead 
of 20° C. 


I 12 rf 4^' Rn ° r - Asm • 

Circular, No108( 1007. * Weat Smiee > 100(! > 
* Materials of Construction, 1918 eel., p. 105, 
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(Hi.) Effect of Speed of Tasting. —Thurston 1 
found that 00 per cent of the breaking load 
given by progressive loading on the ordinary 
testing machine would break beams if left 
in place for nine months. Experimenting 
on the same subject, Johnson 2 determined 


Table 48 

Eweot on Test Results op Varying Moisture 
Content 


Material. 

Per cent Increase in Value by 
drying from 20 per cent to 

10 per cent of Moisture. 

Crushing 

Strength. 

Modulus 
of Elasticity. 

Modulus 
of Rupture. 

Eastern ) 
spruce j 
Chestnut 
Longleaf ( 
pine 1 
__ 

02 

59 

89 

14 

25 

21 

52 

44 

47 


that it was not safe to assume that the 
permanent load which timber would carry was 
greater than 50 per cent of the short timo 
ultimate load as ordinarily found by the 
besting machine. 

It is evident, therefore, that the influence 
.if time must be allowed for in testing wood. 
A.s a result of work by Tiomann, 3 the U.S.A. 
Iforost Service of Agriculture have standardised 
Ibre strain in testing, e.g. : 

Per Minute 
per Inch. 


Bending tests on timber of structural size 
Bending tests on small beams . 
Compression parallel to grain, largo tost 
pieces 

Compression parallel to grain, small tost 
pieces 

Shearing along'the grain . . . 


0-0007" 

0 - 0010 " 

} 0-00.15" 

j 0-0030" 
0-0150" 


The strength of wet or green wood is much 
nore sensitive to changes of speed than is dry 
vood. A change of the above speeds by 50 
>er cent may ordinarily bo allowed without 
:ausing a variation in strength of over 2 por 
lent. 

The modulus of elasticity in bending was 
ound to he practically constant with change 
if speed. 

§ (135) Testing op Stone, Brick, and Con- 
!BBm—The important characteristics of stones 
,nd bricks from an engineer’s standpoint are 
aae of working, durability, and strength, 
durability depends on resistance to 

(a) Abrasion or attrition. 

(b) Absorption of water. 

(e) Alternate freezing and thawing. 

(d) Eire. 

(e) Acid. 

1 Materials of Construction, part ii. 

2 Ibid., 1918 ed„ p. 208, 

8 Amer. Soc. Test. Mat. Troc., 1918, viii. 541. 

VOL. I 


Stones and bricks arc subjected in practico 
to compression, sometimes to transverse stress 
and shearing, but not to tension except such 
as would bo caused by wind pressure or other 
lateral forces. Besides resistance to thoso 
forces the specific gravity is an important 
property. For a given stone the specific 
gravity and strength increase concurrently, 
while for some purposes greater stability is 
given by higher specific gravity. 

With concrete, a knowledge of its elastic 
constants and tensile strength, of its resistance 
to fatigue and permeability to water, are 
requisite for the purposes of design. 

(i.) Determination of Specific Gravity. — In 
order to determine the specific gravity (in¬ 
cluding the pores) the sample is dried at 
100° 0. until it is of constant weight, and, 
when cool, coated with a thin film of paraffin 
wax and weighed in air and water. 


If W (1 — weight in air, 

and W„, — weight in water, 


the specific gravity = W„/(W a — W,„). 

A correction for tho film of paraffin wax can 
he made if tho results are required to a high 
degree of accuracy. 

Tho true specific gravity of tho stone sub¬ 
stance is obtained by grinding tho dry stone 
to a powder and determining the specific 
gravity of the powder with a standardised 
Le Chatelior apparatus or similar form of 
specific gravity apparatus. 

The porosity of the material can ho obtained 
by making both the above determinations. 

Then if S„ = specific gravity of the stone 
substance, and the other values are as 
before: 

(W a —Wu,)/Weight of a cubic unit of water 
= Volume of the stone -i- pores — A. 
W a /(Weight of a cubic unit of water x S 8 ) 
= Volume of the stone substance .B. 
Then the porosity — (A — B)/A. 

(ii.) Absorption of Water. —Tho usual method 
of obtaining tho amount of water which stone, 
brick, or concrete will absorb is to immerse 
the specimen in water at approximately 
20° 0. after it lias been dried at 100° (],, 
cooled, and weighed. Tho immersion is 
continued for three days, when the surface 
water is removed and tho material is re- 
weiglied. The increase in weight divided 
by the original weight and multiplied by 100 
gives the percentage absorption. The process 
is sometimes hastened by eliminating the long 
period of soaking and immersing tho test piece 
in water which is slowly raised to boiling- 
point and kept at that temperature for five 
hours. 

A slight modification is sometimes intro¬ 
duced by weighing the specimen in air (W„), 
in water immediately after immersion (W w ), 
and also in water after three days’ immersion 

Q 
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(W l w ). Then the absorption in pounds of is usually accepted as being the criterion of the 
water per cubic foot of material mechanical qualities of brittle materials such 

ttji _ -ry as stone, brick, and concrete. 

= x 62-37. In carrying out this test the kind of bedding 

0 " employed has a great influence on tlie results, 

(iii.) Alternate Freezing and T'hawing .—This Unwin 4 has shown that fluidity of the bedding 
test is made by subjecting the specimen to a produces vertical splitting of the tost piece 
temperature of -10° 0. to -20° C. for at and a considerable reduction of the crushing 
least four hours after it has been thoroughly strength. The common practice of putting 
saturated with water. It is usual to apply ten wood or lead layers in between the test, piece 
alternate freezings and thawings, and then and the testing-machine compression blocks, 
employ the master test of crushing.' in order to allow for irregularities in the surface 

(iv.) Abrasion and Attrition. —Bauschinger 1 of the specimen and to distribute the pressure 
devised an abrasion test for stone which con- over that surface, is erroneous. In order to 
sisted in pressing a 4-ineh cube of the material, obtain plane parallel faces, Unwin’s method 
under pressure of 4 lbs. per square inch, of applying thin layers of plaster of Paris 
against an iron plate rotating at 20 revolutions has been used by the author for a considerable 
per minute. The test pieces were fixed at a number of tests without obtaining any un¬ 
radius of 191 inches, and the abrasive employed satisfactory fractures. 

was fine emery (No. 3) fed on to the plate Tim information obtained from the test is 
at.the rate of 2 grammes per revolution. the stress at which the first crack appears and 

This test does not differ greatly from the the ultimate crushing stress. It is essential 
Dorry test for road stones. that the load should be applied axially, and 

The sand-blast test was used by Gary 2 as the compression blocks are usually supplied 
an additional abrasion test for stone. He with spherical searings (see § (12)). 
gave comparative results by the two methods, From the character of the final breakdown 
together with the crushing strength ; these are and shapo of the fragments it can be dotor- 
given in Table 49. mined whether the load was applied correctly. 

Table 49 

Results of Abrasion Tests on Building Stones by Gary 


Area of Specimens used on Grinding Tablo = 7-75 sq. in. 
Diameter of Nozzle on Sand-blasting Device=2-36 inohos. 



obtained with the crushing of brittle materials, 
are given in Fig. 155. 

4 Report of British Association, 1887, p. 879. 
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For geometrically similar test pieces the 
crushing strength is proportional to the cross- 
sectional area. Within the limits where 
bending occurs, the crushing strength becomes 
less as tire height of the test pieces increases. 
For prisms and cylinders of the same height 
and cross-sectional area the crushing strength 
squared is inversely proportional to the 
circumference of the test piece. 

The compressive strength of concrete is 
reduced, by an excess of water during mixing, 
to a fractional part of that which it would 
reach under proper conditions (see Table 50). 

Table 50 


Effect of Percentage of Water on the 
Crushing Strength of Concrete 

(Prom U.S. Survey Bull., No. 344.) 



Concrete 1:2:4 by Volume: Strength in 
Lbs./Sn. In. 

Farcontngo of 
Water. 

■ 

Crushing. 

Modulus of Rupture 
(Bending). 


I Month. 

B Months. 

1 Month. 

(1 Months. 

9-8 

2299 

3814 

391 

435 

9-0 

3547 . 

4808 

451 

, 520 

7-9 

4612 

4884 

426 

496 


Crushing test pieces of building stone are 
usually in the form of cubes of 4-inch sides; 
for concrete, cubes of from 7- to 10-inch sides 
are employed; while bricks are generally tested 
on the flat. The dimensions of the test pieces 
and, with bricks, direction of crushing are 
always given with the results. 


Representative crushing, bending, and ab¬ 
sorption results on stone and brick are given 
in Table 51. 


§ (136) The Elastic Properties of Stone, 
Brick, and Concrete. —It has been shown 
that a linear relation is often not obtained 
between stress and strain for stone, brick, and 
concrete (§ (64)), and that for the latter cm- 
pyrioal moduli are used for the purposes of 
design calculation. 

Stanton Walker 1 gives the following par¬ 
ticulars of the manner in which different 
variables affect the strength and modulus of 
elasticity of concrete : 

“ (a) Both the modulus of elasticity and 
strength increase within certain limits as the 
aggregate becomes coarser, although the 
modulus of elasticity increases less rapidly 
than the strength. 

" ( b) An increase in the quantity of cement 
in the batch causes an increase in values of 
modulus of elasticity and strength. The 
modulus of elasticity is affected somewhat less 
by change in the cement content than the 
strength. 

“ (c) The quantity of mixing ivater exerts 
a most marked effect on the modulus of 
elasticity and strength. An addition of 25 per 
cent of water to a mixture of normal con¬ 
sistency decreases the modulus of elasticity 
about 15 to 20 per cent, and the strength 
about 35 to 40 per cent. 

“(cl) Both the modulus of elasticity and 
strength increase with the age of the concrete 
so long as the specimens are kept moist during 
curing. The strength increases in proportion 
to logarithms of the age. The modulus of 
elasticity follows approximately tho same 
relation. 

“ (e) There is no marked difference in the 
modulus of elasticity and strength of concrete 


made from high-grade pebbles, crushed lime¬ 
stone, crushed granite, or blast furnace slag. 

1 Amer. Soc. Test. Mat. Proc., 1919, p. 584. 


Table 51 


Strength of Stone and Brick 



Crushing Strength. 
Lbs./Sq. In. 

Transverse Test. 
Modulus of Itupture. 
Lbs./Sq. In. 

Absorption. 

Per cent. 

Stone— 

Granite .... 

13,000-25,000 

2710-3910 

0-4-1-0 

Limestone .... 

2,000- 9,100 

1160-4660 

0-3-6-4 

Sandstone . . . 

4,900-11,000 

360-1320 

0-7-8-2 

Bricks— 

Vitrified brick . 

5,000 and over 

Over 900 

Less than 5 

Hard-burned 

3,500-4,999 

600-900 

5-12 

Common firsts . 

2,000-3,499 

• 400-600 

12-18 

Common .... 

1,500-1,999 

300-400 

Over 18 

Leicester wire-cut 

3,600-5,300 



Pletton .... 

2,600-3,900 



White gault, wire-cut . 

2,100-3,100 



Aylesford red pressed . 

2,200 



London best stocks 

1,600-2,800 



Common stocks . 

1,250-1,900 
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“(/) A comparison of specimens stored 14- 
days in damp sand and 77 days in air with 
specimens stored 91 days in damp sand shows 
that the modulus of elasticity and strength arc 
higher for the damp sand storage. 

“ (g) Tests for mixing times ranging from 
Jr to 10 minutes show both the modulus of 
elasticity and strength to he greater for the 
longer mixing times.” 

§ (137) Tensile Strength op Concrete.— 
Considerable difficulty is experienced in design¬ 
ing suitable end attachments for tensile tests 
on concrete. ^ Many experimenters cast spheri¬ 
cally headed* holts in the centre of the ends 
of the test piece and pull on these heads by 
the testing-machine grips; others enlarge the 
ends so as to form the test piece into a flat 
dumb-bell shape. Particulars of a few dimen¬ 
sions which have been adopted are given in 
Table 52. 

The tensile strength of concrete is about one- 
eighth to one-tonth 'of the crushing strength. 


beams for transverse tests. Withey 1 used 
beams G" x 6" loaded centrally on a span 
of 30 inches. The results ho obtained on 
1:2:4 concrete, mixed by volume, are given 
in Table 53. 

§ (140) Increase op Strength op Con¬ 
crete with Age. — The average percent¬ 
age of strength of concrete at different ages, 
assuming full strength at one year 1 , is given 
in Table 54. There is no reliable data for 
strength of concrete more than two years 
old. “ 

§ (141) Effect op Vibration, .Tigging, and 
Pressure on the Strength of Concrete.— 
Vibration and jigging methods are useful for 
getting concrete into place around reinforcing 
bars and in intricate forms, but do no 
good, and in some cases are harmful, if 
applied after the concrete is properly placed 
in position. 

Abrams 2 finds that the vibration of an 
eloctrio hammer has very little influence on 


Table 52 

Particulars op, Tensile and Compression Test Pieces por Concrete 


Authority. 

Tensile Test Piece. 

Crushing Test Piece. 

Henby * . 

21" x 31" x 21" prisms. 

21" X 3J"x 11" prisms. 

Mills t ..... . 

6" x 0" x 18" prisms. 

G" cubes. 

I-Tatt j. 

4" x 4" (I bar) 171" gauge length. 

8" diameter x 12" cylinders. 

Woolson §..... 

Square cross-section enlarged ends. 

6" x 0" x 14" prisms. 

St. Louis || Testing Laboratory j 

8" x 8" squafo section (enlarged 
ends) 5 feet long. 

j 4|" diameter, 5J" deep (cylinders). 


* Assoc. Engr, Soc. Journ, xxv. 145. t Cornell Ciril Engineer, xlx. 100. 

t West,. Soc. Eng. Journ. ix. 234. § Engr. News, Mil. 501. 

|| Humphrey ami Holmes, “ Structural-Materials Testing Laboratories at St. Louis, Mo.,” Bulletin Ho. 
329, U.S. De.pt. of Geological Survey, 1908. 


§ (138) Shear Strength of Concrete.— 
The shoar. strength of concrete lies between 0-4 
and 0-G of the crushing strength. The shear 
testing tool is of the same form as that used for 
metals (§ (12)), hut is specially arranged to 
take a larger test piece. The test pieces are 
generally cast 5 or 6 inches in diameter and, 
14 to 18 inches in length, and are tested in 
either single or double shear. 

§ (1.39) Transverse Strength of Concrete. 
—No definite size has been standardised for 


Table 53 



1:2:4 Concrete—Age 

1 Month. Average of 


25 to 27 Tests. 

Tensile strength—lbs./) 
sq. in. (Si) / 

189 

Compressive strength—\ 
lbs./sq. in. (S„) / 

Modulus of rupture—’) 

1940 

352 

lbB./sq. in. (S&) / 


S'j=0-18So=1*80Sj. 


the strength of puddled concrete when applied 
for periods not exceeding 30 seconds. If a 
greater time of vibration is employed, there is 
a steady falling-off in strength. After 45 to 
GO seconds the strength is only 90 per cent 


Table 54 


Ago. 

Percentage of Pull 
Htrength. 

7 days 

30 

3. month 

00 

2 months 

75 

3 

85 

4 • „ 

90 

G „ ' 

95 

9 „ 

98 

12 

100 


of that given by the standard method of 
puddling. 

If pressure is applied to concrete after 


1 University of Wisconsin, Bulletin Ho. 197. 
a “Effect of Vibration. Jigging,■■and Pressure on 
Fresh Concrete,” Structural Materials Eosearch 
Laboratory, Chicago, 1919, Bulletin Ho, 3. •> ' 
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moulding, water is expelled and a drier concrete 
is produced. This gives increased strength. 

Abrams finds that 
a pressure of from 
200 to 500 lbs. per 
sq. in. during mould- 



(For Test Piece connected at 0 
see Fig. 157) 


m FIG. 150. 

Water Tank (E) 

ing increases the compressive strength by 20 
to 35 per cent. 

§ (142) Permeability of Concrete and 
Mortar. —Permeability depends upon minute 
passage ways in the material which are so con¬ 
nected that water can flow right through. 
Tests under high heads of water have been 
made, and show that even cement paste is not 
absolutely impervious. Concrete and mortar 
can, nevertheless, be made which, under 
normal pressures, do not show any dampness 
on the outside. 

Two methods of test are employed: 

(1) The amount of water passing through 
the material is collected and weighed. 

(2) The weight of water, which has to be 
supplied in order to keep a constant head, is 
measured ( i.e . the water going into the 
test piece). 

The arrangement of a suitable apparatus 
for Method 1 is given in Fig. 156, and a 
section of the test piece, together with the 
can for catching the water, in Fig. 157. 

The test piece (7J inches diameter) has 
annular spaces at the outer edges of both the 
top and bottom surface painted with a rubber 
waterproofing paint. This leaves an annular 
piece 5 inches diameter in the original con¬ 
dition. Rubber washers A, A are placed over 
the waterproofing, and the specimen is securely 
clamped between the two cast-iron plates P, P. 

The water is applied to the top of the test 
piece through the pipe 0, and any water 
passing through is caught in the can B. The 
specimen is soaked in water for 48. hours 
immediately before the test. 

The arrangement (Fig. 156) permits of six 
tests being carried out at once. Each test 
piece-with its holder is attached to a union C. 
The water passes through a filter D and 
tank E before reaching the specimen. Air 
pressure is supplied to the tank E by a 
compressor, an air reservoir E being inserted 


to equalise the pressure. Three gauges G 
are provided for reading the pressure—one on 
the air reservoir and two on the water pipe. 
Readings of the water .collected in the can A • 
are taken at frequent intervals at the com¬ 
mencement of the test; but the rate of 
percolation of Avater 
diminishes as the test 
proceeds, and the 
intervals between the 
readings can be 
reduced until it be¬ 
comes constant. 

In order to measure 
the water supplied 
(Method 2), the 
arrangement is 
slightly modified by fitting a water reservoir K 
above the test-piece holder (Fig. 158). This 
reservoir is only partly full of water, and the 
pressure is applied to the top of the Avater by 




Fig. 157. 


the compressed air. The amount of Avater 
added at regular intervals, to keep the level 
constant in the gauge glass H, is recorded. 
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With an investigation carried out at the 
N.P.L. on the permeability of reinforced 
concrete under a pressure of 8-7 lbs. per 

\ A ir Pressure 



square inch, air pressure was replaced by an 
actual head of water of 20 feet, which was 
kept constant by adding water to a reservoir 
as described for the last experiment. 

§ (143) Testing Road Materials. —There 
are two methods of estimating the comparative 
value of materials for road, construction. The 
first is to lay sections of a road with the 
materials which are to be compared and observe 
the effect of traffic on them, and the second 
is to subject the road materials to laboratory 
tests designed to imitate actual conditions 
met with on the road. The former method, 
with great care, will give results, but the 
process is long and costly. The use of 
some form of experimental road sections is, 
however, the only thorough method of test¬ 
ing asphalt carpets. Observations of the 
behaviour of macadam roads, constructed 
with rocks whose physical characteristics 
have been determined by laboratory tests, 
enables these tests to be used in order to 
judge the probable adaptability of any 
rock for use in road construction. 

A determination of the relative road¬ 
building qualities of different types of rook was 
first systematically attempted in France. The 
French School of Bridges and Roads installed 
a road materials laboratory in 1878, and it 
was there that the Deval 1 Attrition Machine 
was designed, and its excellence has led to 

l _ Ann. i ies pants et chaussks, 1870, and Bulletin du 
MmisUre des Travaux publics, 1881. 


its general adoption as- a standard testing 
machine. 

The testing of road metal was initiated in 
Germany in 1884 at the first Munich Oonferonco 
for Establishing Uniform Conditions of Testing. 
They appointed a committee to draft the 
methods of testing that wore necessary, the 
work performed by this committee was 
reported to conferences held in. 188(5, 1890, 
and 1893, and definite proposals for testing, 
including the Deval test, wore submitted and 
approved. 

In 1893 Massachusetts Highway Commission 8 
founded a laboratory for testing mad materials 
in the Lawrence Scientific School of Harvard 
University. In .1900 the United Stall's Qovern- 
inont, because of the growing importance 
of road-material, investigations, established a 
laboratory in tho Bureau of Chemistry of the 
Department of Agriculture. This laboratory, 
transferred in 1905 to the Office of Public 
Roads, examines, without charge, (tampion of 
road material submitted by any oitiaon of tho 
United States. 

The only stone-testing appliance believed 
to be in existence in England prior to 1911 
was tho “ Rattler ” attrition machine, de¬ 
signed and used by E. J. Lovogrovty 1 Borough 
Engineer and Surveyor of Hornsey. 

In 1911' a road laboratory was inaugurated 
as a division of tho Engineering .Department 
of the N.P.L., Teddiugton, in accordance 
with a scheme drawn up by tho Road Board 
and approved by the Treasury, The work of 
the Road .Board has now boon taken over by 
tho Ministry of Transport (Roads Department). 

In order to preserve continuity with tho 
work which has been in progress in other 
countries, standard types of irmehines, as 
used by tho United State's Office of Public 
Roads, wore adopted. 

§ (144) Attrition Test.. The machine 

used for this test is of 
the four - cylinder Deval 
type, which has given satis¬ 
factory results in Franco 



Fig. ICO. 


since 1878. It is shown in 'Fig. .159, mid 
consists essentially of four cylinders, 7| in. 
in diameter and 14 in. long, mounted on 

8 Bulletin No. 44, on Phmiml Testing of Hocks far 
JRotm! Building, (I H Department of Agriculture. 

, / bovegroye, Flofct, and Howe, Road-making Storm, 
Attrition Tests in the Light of Petrology , 
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'nun*’ in nut'll a, way that tlioir axes aro 
lined at :«> h> Urn axis of rotation. 

Eleven pounds of rock, numbering as nearly 
y pieces us possible, arc placed in one of 
oyliulevs, tin' envoi’ bolted on, and tho 
ylvi.no revolved 10,000 times at a rate of 
ad; 110 ntvolutiouH per niinuto. Tho 
lonsions ol the st"iu*H nliould bo such that 
ry stone will puss through. a 2-J-in. ring 
i •will fail t" puss through a 2-in. ring, 
ly the material worn off which will pass a 
ra of iV,-in. mesh is oonsidered in dotermin- 
tho amount of wear. This amount is 
tressed as a permitaoo of tho 11 lbs. used, 
addition the Kreneh oocvHkuent which is in 


tend use is ealiuilateil. 
relation 

>nch coefficient of wear 


This is delined by 
40 

l’ercoutage of wear" 
, and for this pur- 


wet test is also made, and for this pnr- 
lo 1*1 gallon of wntttr is placed with the 
lbs. of stone. With tho majority of stones 
is found that them in more wear under a 
b test than under tho dry test, but occasion¬ 
al the reverse is the ease, 
hi approximate relation, has been established 
jwoon this machine and I^ovogrove’s Hornsey 
ttlor. 

| (145) Em-hati® Bi,ow Impact (Tough- 
ss Test), (i.) Preparation of Specimen .— 
,o specimen is prepared in. the form of a 
liudor 1 in. diameter by 1 in. long. A 
see of the rock is roughly chiselled to size 
* x If" x :H. It in ground approximately 
lindrieal on a largo c;rystolon wheel, and 



(ii.) The, Testing Machine .—Tho machine 
used for this test is known as the Page Impact 
Machine {Fig. 101). The blow is given by 
a 4-4-lb. hammer I-I, and acts through a 


Pic*, loo. 

ten placed in the chuck of a grinding machine, 
here it is ground by a small crystolon wheel 
i exactly 1 in. in diameter. The chuck and 
one are then taken to the diamond saw 
Hg. 160), where the specimen is cut off 1 m* 
tlength. 





(«■) 0 ) 

Ido. 101.— (a) Repeated Impact Machine for 

Cementation Tests. (6) Pago Impact Machine. 

plunger P whose surface of contaot with tho 
specimen is spherical, and has a radius of 0-4 in. 
The blow, as thus delivered, approximates 
to tho blows of traffic, and the spherical end 
has the further advantage of not requiring 
great exactness in getting the two bearing 
surfaces of the test piece parallel; the entire 
load being applied, at one point, on the upper 
surface. "The test consists of a 04 in. fall 
of the hammer for the first blow, and an 
increased fall of 0-4 in. for each succeeding 
blow, until failure of the specimen occurs. 
The number of blows required to destroy 
the test piece is used to represent the 
toughness. 

A sprocket chain S driven from the shafting 
is supported on sprocket wheels attached to 
castings at the top and near to the base of 
the machine. The chain is provided with 
small lugs which engage a spring bolt attach¬ 
ment projecting inwards from the top of the 
hammer. This raises the hammer until it is 
tripped by a rod R projecting downwards from 
a crosshead which slides on two rods connecting 
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the upper and lower castings. The cross¬ 
head is raised automatically through O'4 in. 
after every blow by a lead screw driven by a 
worm and worm-wheel attached to the same 
shaft . as the upper sprocket wheel. By 
throwing the lead screw out of gear with the 
crosshead the latter can be raised or lowered 
through any desired height or the test can be 
made with a constant height of fall. 

A slightly different method of preparing 
the test sample is sometimes employed, viz. 
by the use of a core drill. This consists of a 
brass core tube having at its lower end a 
stool ring containing eight small diamonds 
in its cutting edge, four on the outer edge, and 
four on the inner edge. The drill arranged 
to out a rock core 1 in. diameter runs at 
200 to 300 revolutions per minute. Water 
is supplied to the inside of the drill and the 
specimen, through a stationary brass ring by 
a rubber tube connection, 

§ (140) Abrasion Test.— 1 The specimen is 
prepared in the same manner as that for the 





Ida. 102. 



repeated blow impact test, and in cases where 
both tests, are required the specimens can 
usually bo both cut from the same sample. 

The machine used (sometimes called a 
Hardness Machine) is of the “ Borry ” typo 
(Fitf. 102), and consists of a circular cast 
steel disc 1) which revolves in a horizontal 
plane about a vortical shaft. The specimen S 
is hold with its axis vortical and itd lower end 
pressed with a force of 3*G lbs. per square inch 
against the surface of the disc. Standard, 
stand, 30 to 40 mesh, is fed continuously upon 
the disc through funnels E, and it is important 
that an oven and constant supply of the 
abrading material should lie led to each sample 
tested. After 1000 revolutions of the grinding 
disc, revolving at the rate of about 28 revolu¬ 
tions per .minute, the loss of weight of the 
specimen is found. The test is repeated with 
tlic specimen reversed, and the average loss of 
weight computed from tho two runs is used in 
determining the hardness. 

This is given by H=20-J W, where H 
is tho hardness number or coefficient of wear. 


1 and W is the loss in grammes per 1000 revolu¬ 
tions. 

§(147) Cementation Test.— The cementing 
value of a rock dust measures tho ability of that 
dust to hold the individual particles together 
to form a firm impervious road surface. 

The processes involved in making a test of 
the cementation value of a rock are as follows : 

(i.) Grinding up a mixture of tho rock,' 
coarsely crushed, and water into a stiff paste 
in a hall mill. 

(ii.) Forming briquettes from this paste in 
a mould under pressure, which aro dried after 
24 hours. 

(iii.) Subjecting each briquotto to repeated 
blows with a small hammer, and measuring 
automatically the recoil of tho hammer after 
each blow. 

(i.) Ball Mill (Fig. 103).—M lb. of coarsely 



. . 


I crushed, rock and 0-02 gallon of water aro 
[ placed in tho mill together with two steel 
shots each frl in. in diameter. The samples 
are ground in this mill for 2J hours, the mill 
revolving at the rate of 2000 revolutions per 
hour. The resulting paste is then ready to 
be moulded into briquettes. 

(ii.) Briquette Machine (Fig. 104).—'The panto 
is placed in a mould M and a cylindrical plug 
P screwed, upon it. Tho mould is in contact 
with tho short &rru of weighted bo&ni W> bo 
that the pressure can be regulated to give a 
maximum value of 1880 lbs. per square inch, 
dhe size of the briquette is 1 in. diameter and 
1 jn. long. 

(iii.) Repeated Impact Machine (Fig. JOG) — 
After drying for 20 hours in air and 4 hours 
in a hot-air bath at 200° F., the briquette is 
allowed to. .bool for twenty minutes in a 
desiccator ; it is then placed on the anvil of 
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tin' uiai’liiuf with its axis vertical. A small 
hammer II is <>|>*catod by ;l , :!1UU (< t H0 that 
(he oITivlive (Imp is always 0-1 in., and the 
hurt) uf the blmv is transmitted to the speci¬ 
men S by means uf a, plunger P working in a 
veitieal guide, I his plunger is also uomusotoij 
to the arm of a lever, the other end of which 
carries a pencil L in contact with paper on a 
revolving drum, so that any rebound of the' 
plunger after the blow in 'indicated, on the 
paper, in this way a 
diagram is obtained 
which will give the 
number of blows after 
which there is no re¬ 
bound of the plunger, 
t’.o. after which the re¬ 
silience of tho speci¬ 
men is destroyed. Six 
specimens are made 
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from each sample, and the average result in 
taken ns a measure of the cementing value 
of the material. 

Talile r>5 gives the interpretation of the 
results from the physical tests on road 
atones. 

§ (MX) Iffi.TlU >!.()< i It !AP AND {iEOLOOIOAIj 

( h tAmu'TKiusTK* m»> ..Thin sections are cut from 

the slone and examined, under the microscope 
to ascertain the nature, quantity, and dimon- 


when 1 in. diameter, arc identical with these 
for impact and abrasion tests, and can bo 
made with the same apparatus. 

§ (150 ) Enduuanok Tests on Model Roads. 
—It was recognised that in the case of tho 
various tost trial mads laid down in this country, 
such as those at Sideslip, tho best method of 
road construction would not show measurable 
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wear or deformation until after years of heavy 
traffic. At tho suggestion of Col. Crompton, 
Consulting Engineer to the Road Board, a 
model road-testing machine was designed, at 
tlxo National Physical Laboratory in order^ to 
provide a more rapid method of comparing 
the efficiency of methods of construction. 


Wry win ill . 
(jinul. , , 
fit lily guild 
lluMurr puiir 
Wry pmir , 
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Wilt. 


2and under 
2.1-ltd 


Over fid) 


I nipunl 'rust. 
No. <i[ JUiiwb 
fur MilUmi. 

Alminiim Tout, 
(.'uuilUilent nf 
Wear. 

Cumuli tatlim 
Value. 

No, nt Mows 
fur Failure, 

Absorption of 
Water. 

I.llH./Cullil! Ft. 

Cnmlilnp 
StroiiRtli. 
LIih./Hij. In. 

HI and ovnr 
Hl-1.8 
18-16 

H-12 

Under 8 

Ill and over 
17-18-9 
10-1(5.9 
16-15-9 
Under 15 

Over 100 
7(5-100 
20-75 

10-25 
Under 10 

0-J0 mid under 
O-ll-O-dO 
0-41-1-00 
1-01-8-00 
Over 8-00 

Over 20000 
15000-20000 
10000-15000 
5000-10000 
Under 5000 


niraiH of the tiumponente which form the stone 
and determine the correct petrological designa¬ 
tion of the material. 

§ (140) FiJtmnm Tbsts.—S pooiflo gravity, 
absorption of water, crushing, sand - blast 
abrasion, and paving-brink rattler tests are 
carried out in tho manner previously described 
for stones, bricks, and concrete in § (135). It 
is usual, however, when dealing with road 
stones, to make the crushing testp on cylinders 
I in. or 2 in. diameter with tho length equal 
to the diameter. The crushing teat pieces, 


This design was approved by the Road Board , 
and its construction was commenced in 1912, 
the first run taking place in 1913. The 
machine (Fig. 166) consists of a circular track 
30 in. wide, having a mean diameter of 
34 feet. The endurance of the centre 24 
in. of this track is tested by the rolling 
on it of eight steel-tyred wheels, 3 in. 
wide and 39 in. diameter. The wheels arc 
at an angular distance of 45° from each other, 
and each wheel is rotated by a separate 
electric motor mounted on a steel arm which 
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revolves round a centre jiost. The radial 
distribution of the ivheels is such that the 
whole width of 24 in. is covered in one 
revolution of the arms, and in order to prevent, 


(i.) By excessive wave formation. 

(ii.) By disintegration. 

(iii.) By a eomltiiial ion of disintegration and 
excessive wave formation. 



. 


Fra. itio. 



as far as possible, the formation of ruts in 
the tested surface each wheel is moved' back¬ 
wards and forwards radially by a cam 
mechanism through a distance of 1 in. 
The eight arms are all hinged to a rotating 
boss on the centre 
post, and at their 
outer ends are con¬ 
nected by spiral 
springs to eight 
corresponding canti¬ 
levers rigidly fixed 
to a second rotating 
boss connected with 
the former and im¬ 
mediately below it. 

The pressure of eaoh 
wheel on the track 
can be adjusted to 
any desired value up 
to one ton. 

In order to in¬ 
vestigate tho ques¬ 
tion of the formation 
of waves a special 
apparatus {Fig. ] (37) 
has been constructed 
for drawing cross- 
sections of tiie road 
at different points 
round the track and longitudinal sections at 
the centre of the tracks of tho eight rotating 
test wheels. Plaster casts are also taken to 
obtain a permanent record of the appearance 
ot the road at various stages during the test. 

It has been found that a road becomes too 
bad for use in three ways: 


Tho formation of waves is increased by tic 
road being subjected to heavy traffic. nfle 
insufficient or unequal consolidation, whilt 
disintegration occurs rapidly with change o 
climatic conditions, if the road consists parti \ 


of small or largo stones, when these Htones 
brought to the surface by deformation 
wear. 

A. summary of tho more important fce 
carried out with this apparatus is given 

(1910) AnnUttl R0J)UJ ' L uf tUe iioad 


\ 
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§ (151) Bituminous Materials. — Tlie. 
physical character of bituminous binders and 
aggregates is determined by microsections, 
penetrometer and viscosimeter determina¬ 
tions, quantity and quality of the contained 
bitumen (whether natural or artificial), and 
the physical and chemical examination of 
the residue. 

§ (152) Limes and Cements. —The cement¬ 
ing materials ordinarily used in engineering 
construction are classified as follows : 

(i.) Gypsum plasters. 

(ii.) Limes—quicklime, hydrated lime, hy¬ 
draulic lime. 

(iii.) Cements (hydraulic). 

§ (153) Gypsum Plasters. —In plaster of 
Paris, Keene’s cement, stucco, etc., the essen¬ 
tial constituent is gypsum in a more or less 
dehydrated state. 

Gypsum in its native state is crushed and 
ground, and then calcined at a temperature 
of 200° C. The product is then finely ground 
and screened. 

Plaster of Paris is produced when the gypsum 
is not completely dehydrated. The theoreti¬ 
cal composition of gypsum is CaS0, 1 +2H 2 0 
(a hydrous calcium sulphate). Plaster of 
Paris has the approximate composition of 
CaSOj-b 0*5H a O. The specific gravity of 
gypsum is 2-3, of plaster of Paris 2-57, and of 
completely dehydrated gypsum 2-95. 

Keene’s cement is practically pure calcium 
sulphate with a small percentage of calcium 
carbonate (CaGOj,). For the manufacture of 
this cement the gypsum is procured in as pure 
a state as possible, and the resulting product 
is of an exceptionally pure white colour. 
The small percentage of CaCO s is introduced 
by dipping the calcined gypsum into a solu¬ 
tion of alum and then burning again. The 
introduction of this “ impurity ” produces a 
slow setting cement which ultimately becomes 
very hard. 

Cement plaster and stucco are calcium 
sulphates with adulterants which retard set- 
ting and increase plasticity. 

§ (154) Limes.— -Pure lime (quicklime) is 
produced by the calcination of nearly pure 
limestone, at a temperature of about 500° C., 
in some form of vertical kiln. By this process 
the carbon dioxide is driven off from the 
calcium cai'bonate (CaO + CO a =CaC0 3 ). Such 
limes slake violently on the addition of water, 
form calcium, hydroxide (Ca(OH) g ), and in¬ 
crease in volume by about 300 per cent. 
They harden slowly by absorbing carbon 
dioxide from the air. 

Poor limes have a high percentage of 
magnesia and slake more slowly. 

Owing to the fact that quicklime is in¬ 
sufficiently slaked or mixed in many cases 
when this is done on the job, this process is 
sometimes carried out in especially designed 
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and equipped plant, whore the operations are 
conducted more efficiently and with the 
minimum quantity of water. The resulting 
product is thoroughly screened and ground 
and is known as hydrated lime. 

Pure hydrated lime should have a specific 
gravity of 2 - 08. It is usually tested, by 
chemical analysis, for fineness and soundness, 
and sometimes for tensile or compressive 
.strength, in the manner presently to bo 
described for Portland cemont. 

Hydraulic Lima .-—John Smeaton discovered 
that limestone containing a small percentage 
of clay, when calcined, produces a jimo which 
hardens by chemical action apart from the 
absorption of carbon dioxide from the air. 
This lime slakes in the usual way, and, in 
addition, hardens under water : it is therefore 
called hydraulic lime. 

§ (155) Hydraulic Cements, of which the 
best example is Portland cement, are produced 
by the calcination of chalk and clay or suit¬ 
able limestone and shales. 

In various parts of the world there are 
deposits in which the mixing of these materials 
has been carried out by nature. The result 
of calcination of these natural deposits 
produces a natural hydraulic cement. The 
natural rock contains as a rule an excess of 
carbonate of lime, rendering the resulting 
cement poor in quality. 

Portland cement is an artificially produced 
cement in which the chalk and clay are 
accurately proportioned and thoroughly mixed 
together, before burning to a hard clinker at 
a temperature of about 750-800° G. The 
clinker is then ground, and forms the final 
Portland cement. A finely ground cement 
makes a stronger mortar than a coarsely 
ground one, hence the fineness of the cement 
is a property which it is necessary to specify. 

Portland cement is a British invention. It 
was discovered by Joseph Aspdin in 1824, and 
owes its name to its resemblance, when set 
hard, to Portland stone. It sets rapidly, sets 
under water, and hardens slowly with but 
little change in volume until it is nearly as 
strong as stone. The hydraulic property is 
due to the presence of silicate of alumina. 

The British Engineering Standards Associa¬ 
tion, in their standard specification, define 
Portland cement as follows: “The cement 
shall be manufactured by intimately mixing 
together calcareous and argillaceous materials, 
burning them at a clinkoring temperature 
and grinding the resulting clinker.” 

Cementing materials are subject to large 
variations in the quality. It is necessary 
therefore to closely control the manufacture 
by imposing tests to ensure that the properties 
which it has been found are of first importance 
should reach a specified standard. 

The main, properties required in a cement 
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are strength, permanence, and time of setting 
suitable to the work. 

The principal tests which are in general use 
to determine the suitability of the cement for 
fulfilling those requirements are : 

(a) Fineness of grinding. 

( b) Specific gravity. (This test was deleted 


Both the B.E.S.A. and the A.S.T.M. specify 
that the wire cloth of the sieves shall bo woven 
(not twilled), and that the cloth is to bo 
mounted on frames without distortion. The 
sizes adopted are slightly different in the 
two specifications. Particulars are given in 
Table 56. 


Table 56 


Fineness Test 



B.E.S.A. Specification. 

A.K.T.M. Kpeeilieation, 

Sizo of sieve, wires per inch . 

ISO x180 

76 x 76 

200x200 

Diameter of wire, inches . 

0-0018 

0-0014 

0-0021 

Residue shall not exceed . 

14 per cent. 

1 per cent. 

22 per cent. 

Weight of sample, grammes . 

Time of continuous sifting 

100 grammes. 

15 minutes on each sieve j 

50 grammes. 

Until not more than 0-05 grammes 
passes through in 1 minute. 


from the B.E.S.A. specification in August 
1920.) ' 

(c) Chemical composition. 

(d) Strength. 

(e) Time of set. 

(f) Soundness or constancy of volume. 

In order to obtain uniformity in the testing 
results, it is necessary that the conditions of 
test should he exactly the same in each, case, 
and that the personal element should be, as 
far as possible, eliminated. 

This has been provided for in the various 
specifications for Portland cement, such as 
those by the British Engineering Standards 
Association 1 (B.E.S.A.) or the American 
Society of Testing Materials 2 (A.S.T.M.), in 
which standard methods for carrying out tho 
tests are described in detail. 

(i.) Sampling, —It is important that (1) tho 
sample is representative of the whole consign¬ 
ment ; (2) a sufficiently large sample is secured 
to carry out, in duplicate, all the tests required; 
(3) the storage of the sample is such that tho 
quality of the cement is not affected before 
the tests are made, and (4) the sample is 
properly mixed if it is obtained from various 
parts of the consignment. 

Eight pounds of cement are usually sufficient 
for a sample. The B.E.S.A. specify that each 
sample shall consist of equal portions selected, 
from twelve different positions in the heaps, 
hags, or barrels. Samples are usually stored 
in air-tight tins. 

(ii.) .Fineness Tests. —The fineness of cement 
for specification purposes is determined by 
means of the weight of residue (as a percentage 
of the original weight of the sample) which, is 
left on a sieve after a definite period of sifting. 

1 British Standard Specification for Portland 
Cement, Report No. 12. 

2 Standard Specifications and Tests for Portland 
Cement, Specification No. C 0-17. 


Mechanical shakers are sometimes employed 
in laboratories where a largo amount of work 
has to ho carried out. They are not recom¬ 
mended, as very little time is saved as com¬ 
pared with efficient hand sifting, and tho 
results are not so consistent. 

. It is usually considered that the sizo of the 
very lino Hour of Portland cement cannot he 
obtained by the use of sieves. For separating 
very fine powders, air separators are often 
used. These are fully described in tho Pro¬ 
ceedings of the International Association of 
Testing Materials for 1912. 

Abrams, 1 ' as a result of a series of experi¬ 
ments on the effect of fineness of cement on 
the strength of concrete, finds that: 

(а) In general tho strength of concrete in¬ 
creases with the fineness of a given lot of 
cement, hut there is no necessary relation 
between the strength of concrete and tho 
fineness of cement if different cements are 
used. 

(б) Fine grinding shortens the sotting time, 
is more effective in increasing tho strength of 
lean mixtures than rich ones, and increases 
tho strength of concrete more at seven days 
than at times from one to twelve months, 
ie. lino grinding expedites the hardening of 
the concrete. 

(c) If the mixture is “ wot,” tho rate of 
increase of strength, due to greater lineness, is 
lowered. 

(iii.) Specific Gravity .—'The weight of cement, 
or its “apparent” density, doorcases with fine¬ 
ness, i.e. a cement coarsely ground gives a 
heavier weight per cubic foot than tho same 
oe:ment ground finely. Tho “ apparent ” den¬ 
sity of cement is only a comparison of their 
“ real ” densities or specific gravities when 
tho cements are Of the same degree of fineness. 

11 *' Meet of Mnoiuuw of Cement.,” American Sac, 
Test. Mat. Proe ., .1.619, xlx,, part 11. p. 8*28. 
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Tht- S|.f. ilb- j'mviiy <>f cement m l"\vered by 
ndulleralioit.hyilrji)ion,or under- burning. I be 
(lill'ereiteen in t ht- specific gravity art- usually 
»i> small dial il is ut-et-ssary to exercise great, 
unrein iiial.m--; t in' (lefermimitiun. 

Tin- ape. un- gravity <>f ftMiunil should not 
111- Iiwh than :m <). The met Inal delerminu* 

tinit which in recommended is by nit-un-i *»F 
a Hjim-ilta gravity but tin. Tin- shuidurd he 
('linlulinr apparatus is especially designed fur 
iisn with irmi-nt, tl is a, volumenometer in 
wliinh tin- litjuitl list-i 1 is benzine, petroleum, ur 
I mm tl in which baa been freed hum watnr by 
standing uvui* ijtiickliine (watnr causes hydra- 
titin uf tin* cement ami therefore an alteration 
of volume). 

(iv.) ( ‘It?intent (■uDipa'utiun, *1 he chemical 
ana lysis in m >b ro important as thn physical 
tests on nniin-ivt. It., huvvnvnr, gives valuable in* 
ilinaliniis in the drtnntiun uf adulteration with 
nunH»lnraliln amounts uf inert material, aunh 
an slag ur ground limestone. It- in also used 
to determine whether magnesia and sulphuric 
anhydride are jireHeut in excessive tjvuuititien. 

(v.) Sh. u>it/i 7’« Wi. A finely ground, cement, 
will hi lie avert tain amount. uf inert mnteriahvith» 
nut. mlnrfieit uf strength, fhumb.ru a coarsely 
ground umtn-nt will give an high a at mind h hh 
a thinly ground uitn whan thn test pieers urn 
inudu with neat cement. Ah cement w seldom 
tiMud nnnt, a, Mtmmd'h teat, un thn nual. material 
i.s nu criterion uf its strength when used in 
pmuth.ru; it, however, given information re¬ 
garding tin- if nut of Hutting and the soumlmm 
TuhIh un btiqvielteH made with cement and 
aund (usually l : 11 hy weight) am eotiseq neatly 
H|.nuitiud f a« a rule, in ndditiun In those un 
jurat cement. 

Cement h never used in tension, yet. tensile 
h-4* un- gutn-fully narriud out. in order to give 
an indication uf strength, Thin in ehietly un 
aunuunt uf {hide simplicity, rapidity, and cheap* 
lU-Hs, There in, however, a tendency in some 
omintries fur omiipreHsinn tents to lie hu li¬ 
nt jtaitiul fur thn hitherto universally adopted 
tensile method. It in to lie noted that the 
j'eeeut strength teats by Abrams nil fineness 
uf ei-nienf, already referred lit, were made un 
eenerete teat jus-ces in eomprwwion, 

4j{l,*M) Tkn’HII.W StHISNUTU Oil Cl-iMENT ANti 
iMohtau. Tout. pieces used fur tensile teata 
mu moulded into the form shown in Fig, KiH, 
whieh repn-senta the briquette atandardiaed hy 
t he H. MX A. The differences between this 
and the A.K.T.M. standard. are only alight. 

Tim form of briquette has a considerable 
inthu-nee nu the roRultn. Cokw 1 found that 
the ml in of the maximum (drew to the mean 
Btresa with the B.J0.S.A.' briquette in 1*75 
approximately, while the American and Cion- 


1 “The 1 rlstiibullou of ■Htrewi at the Mhilmiun 
sect,tun uf a clement Urlnuetto,’ littjpdumal A*#oe. 
•IWt, Mi it, 1010-1018, lb, part it., paper xxvili,. 


tinentid I'urma give a value uf 1-70 and t-bfi 
n-Mpei-tivi'ly. The intensity of Htress is greateat 
along the sides of the minimum section, and 
least at t he centre. 

Hither single or gang jiumlda (soo Fig. 109) 
are used for preparing the teat pieces. The 
latter permits a number of briquettes to bo 



moulded at one time and are preferred by 
many laboratories, since the greater quantity 
of material that can he mixed tends to produce 
more uniform results. 

(i.) Nml dment Tmitik 7Vw«*.—-The quantity 
uf water used in gauging has a considerable 
inlhtenee on the strength of the briquette, and 
should he Hindi that the mixture is plastic 
when tilled into the moulds. The amount of 
water varies with different cements, and it is 



t? 

a Single 
Mould 


@u. i 

Ls2i 

lX 


i) 

V. 





kCOCCK 


_li 


Gang Mould 


Hni. m 

usual to make trial experiments to find the 
exact amount of water that is necessary. 
This varies from 18 to 25 per cent by weight 


if the cement, 

The moulds, during filling, rest on slate or 
time form of non-porous plates. They are 
Hied by using tho blade of an ordinary > 
rouging trowel, and it is usual, to specify that 
m ramming or tamping is permitted. 

The temperature of the room and ot the 
nixing water should, be as near to 10 0. as 
t is practicable to maintain it. 

The briquettes are kept in their moulds, ur 
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a damp atmosphere to prevent them from 
drying out, for twenty-four hours after 
gauging. For this purpose a moist chamber 
is a great convenience and improvement over 
the method of covering the test pieces with a 
d amp cloth, which is liable to dry out un¬ 
equally. A moist chamber consists of a slate, 
concrete or metal lined wooden box covered 
inside with felt, which is kept wet. The 
bottom of the box is arranged so as to hold 
water, and glass shelves for holding the 
briquettes rest on cleats fixed to the sides of 
the box. 

After the expiration of twenty-four hours 
the briquettes are removed from their moulds 
and immersed in fresh water maintained at a 
temperature of 16° C. This water is renewed 
every seven days, and the briquettes are left 
in water until required for testing. 

The strength of cement increases consider¬ 
ably with time from setting, consequently the 
age at which the test pieces are to be broken 
is specified. The B.E.S.A. specify that six 
briquettes are to be broken at seven days and 
six at twenty-eight days after setting, and 
that the breaking strength shall not bo less 
than 450 lbs. per square inch at seven 
days, or x +40,000/® lbs. per square inch 
at twenty-eight flays, where x the actual 
strength in pounds per square inch at seven 
days. 

The rate of loading has a marked effect on 
the strength of the briquettes. The latter 
increases with the rapidity of loading, which 
has therefore to be standardised. The B.E.S.A. 
specify a rate of 500 lbs. per minute, while 
the A.S.T.M. adopt 600 lbs. per minute. A 
variation from these rates of 100 lbs. per 
minute introduces an error of about 2 per cent. 

The form of jaws used for gripping the tost 
piece is shown on the testing machine in 
Fig. 170. The load must be applied without 
shock, and care should be observed to see that 
projecting edges are removed from the speci¬ 
mens to ensure that the briquettes aro properly 
centred in the clips. A deviation of 0-0(52 
inches from correct alignment will decrease 
the tensile strength from 15 per cent to 
20 per cent. 

Tension tests of cement briquettes aro gen¬ 
erally made in small lever testing machines of 
various types, in which provision is made for 
applying the load at a steady and definite rate. 

Messrs. Adie, London, supply a machine in 
which the load is applied by a regulated 
travelling poise. The poise is pulled along 
the beam by means of a suspended. -weight. 
The speed at which the weight descends, and, 
therefore, that the poise travels along the 
T '“°-m, is regulated by the cock in the plunger 
mi, 0 pi un g or i s attached, 
uspended weight 
1 "”illcys. 


In the Bailey and Reid patent cement tester 
a cylindrical cistern is hung at the end of the 
single lever of the testing machine. A small 
stream of water is allowed to How into this 
cistern, enabling the load to be applied in a 
gradual and almost imperceptible manner. 
The height of tho water in the cistern is 
indicated by means of a glass tube similar to 
the gauge glass of a steam boiler, and the 
graduations, shown on tho outside, indicate 
the load in pounds. A small trigger auto¬ 
matically closes tho water-tap when the 
material is broken. 

A further method of applying the load is 
indicated in tho machine shown in Fig. 170. 
This is a compound lever machine with the 
load applied by lead shot. Tho briquette is 
held between the jaws A, tho lower jaw being 
attached to a straining screw 8, by moans 
of which tho lover L is raised into position 
between tho stops. Tho load is applied by 
running lead shot from tho con¬ 
tainer G through a channel H 
into the bucket O, which is hung 
on to the enc! 
of tho lever. 

The rate of 
loading is regu¬ 
lated by moans 
of the adjust¬ 
able lover N, and 
tho breaking of 
the tost piece w 
automatically 
shuts oif tho 
supply 
o 

lover. 

particular ma¬ 
chine the leverage is 50 : 1, so that fifty times 
tho weight of tho shot gives the breaking 
load. The levers are floated before testing by 
adjusting tiro balance weight W. 

(ii.) Mortar (Cement and Hand) 'IMmik Tent*. 
—Thoroughly washed and dried sand (obtained 
from Leighton Bumrd in Great Britain), 
which will pass a 20x20 mesh sieve I ait 
not a 30 x 30 mesh sieve, is used for tests in 
which sand is required. Tho wires for the 
sieves are 0-01(54 inch and 0-0108 inch in 
diameter respectively. 

Tire cement and sand are mixed in tho 
proportion of 1: 3 by weight for the standard 
host pieces; about lb. of cement and 
8$ lbs. of sand will make 3,2 briquettes, Tim 
gauging must be made without any excess 
of water being present. The quantity of water 
is approximately 10 per cent of the united 
weights of the sand and cement; the exact 
quantity required should ho determined by a 
trial mixing. 

The gauging is carried out on some form of 
non-absorbing surface, preferably glass, with 
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« room temperature and voter (t*in|n'mltm* j 

°^Th<' im-tlmd of lilliim is described by the 
B.MS.A. speeilieidiou u-i follows; 

r l'ho mixture gauged a * above shall fie 
evenly distributed in moulds of lie* form n*. j 
mlired, oafh mould resting «!»•**» a I 

lht0 . After lillim’, a mould a small heap of | 
the mixture hUuII He jiIiummI upon (Hal in Urn 
mould and palled down with tin; standard 
Hpatula until t Ik* mixture is level with the lop 
of the mould. This hmt operation shall Ho 
repeated a second lime mid Hu* mixture putted | 
down mdil water appears on tlm surface; (ho ; 
flat only of the standard spatula is to lu* used, j 
and no* other itislmmenl or apparatus is to j 
be omployed fur Hus operation. The mould I 
after brine; Idled tuny he shaken to the extent. ; 
necessary for expelling the air. No ramming; | 
or hammering in any form will he permitted j 
during the preparation of t he briquettes, which j 
Hindi then he iinwhmi oil in the moulds by j 
smoothing the surfuee with the blade of a : 
trowel." The standard spatula is shown in 
Fill. 171. 

Various types of moulding and mixing j 
m sudd new have, been devised and are in use | 
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in some countries* They are, however, not 
allowed bytlie B.K.S.A.speeilieitt hm. Meehani* 
daily moulded briquettes give greater strength 
than hand-moulded ones. 

Mortar briquettes are stored in moist air j 
for twenty-four hours and then in water (at j 
lli" (J.) until required for texting. They should j 
bo broken an soon ns possible after lining taken J 
out of tin! wider, and should never he allowed i 
to dry. Tlie B.RH.A. specify that six bri- j 
quid,ton are broken after periods of seven and j 
twenty-eight days respectively, at a uniform 
rate of loading of Hi It) Him. per minute (IHH) ilm, 
per minute in the U.H.A.), The strength should 
not be less than 200 Uw. pet* square inch lit 
seven days after gauging, or x-I-10,000/at ilia, 
por mpiaro ineh twenty-night days after gaug¬ 
ing, where .r tin' actual strength at seven 
days in pounds per square inch, 

§ (157) OttAHAOTKHWta Kq'UATtONS FUtt 
TiON.sn.K Timm.-—U nwin 1 has found that the 
ratis of hardening of cement and cement 
ami sand briquettes follows, very approxi¬ 
mately, a simple law, 

if y • the strength of the briquette in pounds 

‘ Touting of' Material* of CmMrudhm, 1010 ed, ■ 


per square im-h at x weeks after gauging, and 
it, l*, and it are empirical coiiataiibi, Unwin 
found that, if it | hx n . 

u is cuiistanl bn* mm cement, and if a he 
taken an the initial strength after one week, 
if n i h(x 1)". 

For tension briquettes the gain of strength is 
nearly proportional to tho cube mot of the 
lime of hardening. 

Thus for 1‘orfluud cement in tension n l 
and n it i l> *x 1, 

when- a the initial strength (at 7 days), 

It a constant varying with the rate of 
iuereaso with time. 

These two constants give a clear indication 
of the diameter of the cement. 

In the B.l'l.H.A, speeilication for neat cement 
briquettes, where the lowest value whieh is 
accepted for a is 450 llis./sq, in., and 
tlm minimum value for y is therefom 

■Jfit) | 40,000/450 -■ 539, 

y u i h v'-i* • 1, 

utui if .r -1, 

n;ii) -ino i it <!/-i f, 
therefore b AWH, 

or r 450-I-Ol'K y.i: 1. 

§ (15H) Hhttinu Tmtv -There is a distinc¬ 
tion between setting and hardening. The 
initial setting is the commencement of the 
chemical action which occurs when the water 
combines with tlie cement; hardening is a 
Hindi slower process. Ah a disturbance of 
the setting process may produce a loss of 
strength, it is desirable that the initial setting 
is not interrupted, and that tlm whole opera¬ 
tion of mixing and moulding should be Com¬ 
pleted before the cement begins to set. 

The initial setting time is the time which 
elapses from the moment water is added until 
the paste ceases to be fluid and plastic. For 
the B.K.N.A. specification the time is taken 
from the moment that the special mould is 
filled with the gauged cement, and not from 
the time that water is added to the cement,. 

The final set is acquired when tlie material 
attains a certain degree of hardness. 

The B.U.N.A. specification of March 3915 
recognised three distinct gradations of time 
of setting, vi*/.: 


Ui-iuin, 

Initial netting 

Final Hettbui Time 

Time In Minutes, 

In Minutes, 

Quick 

Not Iob# than 2 

into no 

Medium , 

Not less than 10 

30 to 180 

Slow 

Not loss than 30 

180 to 420 


In tho revised speeilication (August 1920), 
the medium and slow setting cements are 
replaced by a grade having a minimum initial 
setting time of 20 minutes and a maximum* 
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final setting time of 10 hours. The quick 
setting grade is retained, but the minimum 
final setting time is not now specified the 
maximum final setting time is not to he 
o-reater than 30 minutes. 

& The test block for setting time is made in 
a special mould (80 mm. diameter and 40 mm. 
high) and filled with neat cement, mixed and 
gauged in the manner described for tensile tests. 

The time of initial setting is determined 
empirically by the time taken, after filling 
the mould, for a weighted needle to cease to 
pierce the test block completely. The B.E.S.A. 
specification has decided on a special apparatus 
for carrying out this test called the “ Yieat ” 
needle. The needle is one millimetre square 
in section with a flat end, and the total weight 
of needle and attachments is 300 grammes. 
The apparatus is fitted with a device for 
measuring the depth of penetration of the 
needle. 

The final setting time is determined em¬ 
pirically by the same apparatus, but using a 
slightly different form of needle. A needle of 
the same section as before projects 0-5 mm. 
beyond a hollowed-out 'circular cutting edge 
(5 mm. in diameter). The-final setting time 
is taken as that when the needle makes an 
impression but the circular attachment fails 
to do so. 

The setting times are affected 'by the tem¬ 
perature of the mixing water, the percentage 
of water used, and the temperature and 
humidity of the air. It is preferable for the 
tests to be conducted in moist air. 

§ (159) Soundness ob Constancy of 
Volume. —A cement which remains perfectly 
sound is said to be of constant volume. 
Failure is shown by cracking, swelling, blow¬ 
ing, or disintegration. To ascertain the 
soundness of Portland cement a rough test 
is to make a pat of cement 4 inch thick, 
gauged with 25 per cent by weight of clean 
water on non-porous material, preferably 
glass. This is placed in water at 1(1° (X, 
after twenty-four hours in moist air, and left 
there for inspection at intervals; it should 
show no signs of failure. 

This test is sometimes accelerated by ex¬ 
posing a, pat of the cement for fivo hours, in 
an atmosphere of steam, to a temperature of 
98° C. to 100° C. 

The test specified by tho B.E.S.A. is the 
Le Cliatelier test. This is made in tho ap¬ 
paratus shown in Fig. 172, which consists of 
a small split cylinder of brass (0-5 mm. thick) 
forming a mould 30 mm. internal diameter 
and 30 mm. high. On either side of the split 
two indicators with pointed ends are attached. 
The distance from, the ends of tho indicators 
to the centre of the cylinder is 165 mm. 

The Lo Cliatelier test has been accepted 
unreservedly in England, and the International 


Association of Testing Materials 1 derided to 
recommend the method as the standard acceler¬ 
ated test for constancy of volume of cements, 
Tho method is to ho carried out as follows : 

“The cement is gauged and tilled into the 
mould on a plate of glass, the edges of the 
mould being held together. Whoa the mould 
has been filled it is covered with a plate of 
glass held down by a small weight, and the 
whole is immersed in wafer at 1ft" t\ for 
twenty-four hoars. Any tie or band which 
has been used to keep the edges of the mould 
together during sotting time is then removed. 
The distance between the indicator needles is 
then measured and the mould is placed in 
cold water, which is raised to a temperature 
of 100° (X in the course of half mi hour mid 
is kept boiling for six hours. The mould in 



0'0S"(hhik . | 




hIR Inn. a ill m* 
. Diiiii 


0*50 Ini. - 

Fin, r, 




Matin tn IIitutu 


removed from the water, and after It lias moled 
tho distance between the indicator needles is 
again measured. The difference between the 
two measurements represents the expansion of 
tho cement. This must not exceed ten milli- 
metres when the cement has been aerated for 
twenty-four hours, and live millimetres when 
tho cement lias been aerated for seven days,*' 
§(160) Effect of vStouaiik of n mkxt os 
tue St.r:en<iti! of (Ionohete. Abrams® finds 
that the effect of storage of cement on the 
strength of concrete or mortar is largely a 
question of the age at which eonerete’ nr 
mortar is tested. The storage period and 
the age of tlm eonerete or mortar at test me 
of greater importance than the exact, condition 
of storage, so long as the cement in protected 
from direct contact with moisture. 

The deterioration of cement in storage ap¬ 
pears to he due to absorption of atmospheric 
moisture, causing a partial hydration, which 
exhibits itself in reducing the early strength of 
the eonerete and prolonging the time of setting, 
Compression tests of eonerete and mortar 
show a deterioration in strength with storage 
of cement for all samples, for nil conditions 
and periods of storage, and at all tent ages. 

It. u. n. 


‘Blount, " On Awilemtcrt Tests of the t‘i instancy 
or Volume of dements," inter. A tutor, TtmL Mtd, 
I we., 11)1)1), rii.lt dongi'ims, paper x./i), 

*hbll'octv of Htomge or dement," Minutes of 
Hpring Meeting of the I’ortlaml dement Association. 
April 11)20, anil Htriietwm! Materials tteararch 
Laboratory, dhleago, Bulletin No. 0, J une liigp, 
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Elastic Constants of Metals : 

Measuring Instruments for determining. 
See “ Elastic Constants, Determination 
of,” § (4). 

Methods of Determination. See ibid. § (5). 
Elastic Limit : 

Definition and Method of Determination. 
See “ Elastic Constants, Determination 
of,” § (62). 

Determination of Elastic Limit' by Cliango 
of Temperature. See ibid. § (62) (i.). 
Elastic Limit and Yield Point. Method 

of determination at high temperatures. See 

“ Elastic Constants, Determination of,” 

§ ( 116 ). 

Elasticity, Isothermal and Adiabatic. 

See “ Thermodynamics,” § (55). 

ELASTICITY, THEORY OE 

§ (1) Introductory. — The theory of elas¬ 
ticity is concerned with the small relative 
displacements of different points in a body 
which occur under the action of applied forces : 
the forces may or may not constitute an 
equilibrating system, but in the great majority 
of examples which have been treated hitherto 
they are both in equilibrium and steady, so 
that ultimately the problem is one of the 
statics of each component particle. Logically 
considered, the science follows that of rigid 
dynamics in the process of development by 
which the scope of mathematical analysis 
Las been extended to embrace more and more 
of the properties of real bodies. Thus, the 
theory of the “ dynamics of a particle ” treats 
of motion in its simplest form, and oan. 
be applied to problems in which it is suffi¬ 
ciently accurate to assume that the displace¬ 
ment of every particle is the same. Rigid 
dynamics takes account of the additional com¬ 
plexity introduced by rotation, whereby the 
motion of a constituent particle depends upon 
its position in the body ; but it retains the 
assumption that the distance between any 
two particles is unchanging, and is thus 
equally powerless to deal with such problems 
relating to the behaviour of real bodies (in 
which absolute rigidity is never experienced) as 
the determination of the pressures with which 
a heavy beam will bear upon three or more 
supports. It is left for the theory of elasticity 
to bring problems of this .nature, for the first 
time, within the range of exact calculation. 

§ (2) Elasticity defined.— Practically all 
materials which are employed in construction 
exhibit in some degree the property of elas¬ 
ticity ; that is to say, they deform under the 
action of applied forces, but when the forces 
are removed they recover their original shape. 
In the theory of elasticity, as at present de¬ 
veloped, this property is regarded as absolute, 
and the applicability of its results to practice 

VOL. i 


is limited in the main by the extent to which 
actual materials may be considered, to satisfy 
its fundamental assumption—-that their be¬ 
haviour under applied forces is independent 
of their previous history. It is doubtful 
whether perfect elasticity, as thus defined, 
is exhibited by any actual material. 1 Thus, 
the behaviour of wood under applied forces 
is dependent to a considerable extent upon 
its dryness and temperature, and of rubber 
upon the forces to which it has recently been 
subjected : most metals and other crystalline 
materials possess practically perfect elasticity 
under small forces, but their behaviour depends 
in part upon their previous history when tho 
forces exceed certain limits. 

§ (3) Stress and Strain.— In the develop¬ 
ment of the precise mathemathical theory, it 
is found convenient to introduce two new 
physical concepts, for which we employ the 
terms “stress” and “strain.” To under¬ 
stand these terms, we may consider tho motion 
or equilibrium of that portion of an elastic 
solid which is contained within the volume of 
the small parallele¬ 
piped indicated in * 

Fig. 1. The con¬ 
tained material 
will in all practical 
instances be sub¬ 
jected to body 
forces such as 0 
gravity, and to jj’io. 1. 

balance those (and 

also to overcome its inertia, if the material is in 
accelerated motion), forces must be exerted 
across the containing faces by the surrounding 
material. We need not concern ourselves 
hero with the difficult physical problem of 
explaining the mechanism by which these 
forces are exerted: it is sufficient for our 
purpose to remark that the action, whatever 
it is, must he of a reciprocal natures; that is 
to say, the force which is exerted upon the 
contained material, across the face ABDC, by 
the surrounding material must bo equal and 
opposite to the force which is exerted by the 
contained material, across the same face, upon 
the surrounding material. Similar considera¬ 
tions will apply in regard to the other faces. 

Confining our attention to the forces which 
are exerted upon the contained material, lot 
us denote by P the resultant force exerted 
by the total action across the face ABDC. 
Whether the elastic solid as a whole be in 
equilibrium or in motion, the magnitude of P 
will depend upon the area of this face; but 
the quantity defined by 

L Area of AB.bc] * * ^ 

1 See “ Elastic Constants, Determination of.” 

§§ (14)-(25): “ Structures, Strength of.” 

R 
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will tend to a definite (and in. general 
finite) limit as the area is indefinitely re¬ 
duced, and to this limit we give the term 
“ stress.” 

The dimensions of a stress can evidently 
be represented by [MJfLj-pT]- 2 , and it is 
clear from the expression ( 1 ) that it shares 
many of the properties of a force. It has 
magnitude and direction, and the stresses 
acting on a given surface can be resolved and 
compounded by the vector law: further’, 
from what has been said above, it is really a 
quantitative expression for the intensity, not 
so much of the action on any definite portion 
of the material, as of the mutual action be¬ 
tween the two portions of material which are 
separated by a specified surface. 

Just as the idea of “ stress ” is an extension, 
for the special purposes of our subject, of the 
familiar concepts of mechanics, so “ strain ” 
is a development of the purely Idnematic 
concept of relative displacement. Reverting 
to Fig. 1 , we assert that the material under 
consideration will be unstrained, whatever its 
motion as a whole may be, so long as the volume 
occupied by any definite part of it remains 
unchanged both in size and shape ; the motion 
of unstrained bodies is thus the province of 
rigid dynamics. On the other hand, if we 
consider the material which in one configura¬ 
tion is contained within the parallelopiped 
ABDCEEHG, and if in a second configura¬ 
tion the same material is contained within a 
volume of different size or shape, then we 
may say that the second configuration can bo 
obtained from the first by a process involving 
strain. 

Confining our attention to the edges of the 
original parallelopiped, we notice that strain 
may involve a change in one or more of the 
lines AB, BD,. . ., etc., or in one or more of 
the angles CAE, CAB, . . ., etc., or in both. 
Stretching of the material in the direction of 
the axis Ox will be accompanied by a change 
in the length of AB. Let A' and B' denote 
the new positions of the points A and B : 
then the fractional alteration in the length of 
AB will be given by 

TA'B' - AB 


In much the same way, wo may measure 
the change in the angle CAE by the expression 


7 -CAE- C'/VE'. 


(») 


V 


AB 




( 2 ) 


and while both the numerator and the denom¬ 
inator of this expression tend to zero in the 
limit, as the length AB is indefinitely reduced, 
their ratio will tend to a limit which must 
be finite (if we exclude the possibility of dis¬ 
continuous displacements, which would in¬ 
volve rupture of the material), but will not 
m general be zero. To this limit we attach 
the definite term “ stretch ” : it is clearly a 
non-dimensional and scalar quantity . 1 


1 The term “extension’ 
this quantity. 


is also used to denote 


For strict conformity with (2), wo ought, of 
course, to divide the quantity on the right 
by tho original magnitude of the angle. Hut 
owing, probably, to the fact that y, as defined 
in ( 3 ), is already a noii-dimenHimml Hcalar 
quantity, it haw become customary to dispense 
with this operation, and to define 7 as the. mine 
of the expression (.’}) when the original utujlc. 
CAE is specified to he a right angle. Wo thus 
obtain tho concept of a second ty pe of strain, 
to which is usually given the term “ shear- 
strain,” or* “ slide.” 

§ (4) Inter - umpation or Stums,s and 

Strain. Hooke’s Law. Hrinoiim.k ok Siiumu- 
position. —Making use of the terms which 
we lmvo thus defined, wo may say that the 
theory of elasticity is concerned with Mm 
determination of the stresses and strains 
which occur in a body under the action of 
applied forces, and tho fundamental assump¬ 
tion explained in § ( 2 ) may he correspondingly 
expressed by saying that a perfectly definite 
stress will accompany any given strain, and 
vice versa. We must now refer to another 
assumption, totally different both in nature 
and importance, although in the development 
of the theory it has become almost as funda¬ 
mental as the assumption of perfect elasticity. 
This assorts that the relation between stress and 
strain is one of direct proportionality. That 
the assumption is representative of actual 
materials was first discovered, in 107K, by 
Hooke, and the relation is for this reason 
commonly known as “ Hooke’s Law." 

To give precision to “ Hooke’s Law," the eoiwtimt 
of proportionality requires to lie stated, and we must 
therefore consider what a,re the possible types of 
stress and of strain. We have seen in § (,'t) that, the 
total stress across any imaginary surface in a, body 
can be resolved into components by the vector law. 
Lot us then resolve in directions normal and tan¬ 
gential to the surface. The first component may be 
termed a “ normal stress," since it 0MMMtitut.es an 
action between tho two portions of material which 
lie on opposite sides of the surface, tending to prevent, 
their relative motion in a direction normal to the 
surface: if the action tends to prevent, their svpurtu 
turn it is termed a " tensile stress," and if it temlM 
to resist their approach) a “ compressive stress," 
I.bo convenience of these terms is obvious, since 
they describe tho stresses which occur on cross* 
sections of » straight rod under the notion of end 
tension and compression respectively, 

For a component stress of which tlm direction is 
parallel to tho surface it is usual to employ the lernm 
tangential ” or “ shear stress," Those terms de* 
scribe an action between the two portions of material 
lying on opposite sides of the surface, which fends 
to provont them from sliding .relatively to tine 
another, without separation; it will be realised, 
therefore, that shear stress is brought into action, 
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by solid Motion, at tho surfaces of two bodies 
which are in contact and sliding relatively to one 
another. 

Before proceeding further, it will be convenient 
to introduce a notation for tho component stresses 
which we have just discussed. Let ns consider tho 
action at the face CDHG of the elementary parallelo- 
piped of Fig. 1, and lot tho force exerted on tho 
parallelepiped by tho material which lies on the 
z side of this face be resolved into components P B , 
P„ and P* parallel to tho axes O.r, 0 y. Os re- 
spootively. Corresponding to the components Pj, 
and P„ we have tangential stresses, which wo may 
denote by Z x and Z # respectively; and corresponding 
to P„ we have a normal stress, which we denote 
similarly by Z z , It will be noticed that in this 
notation the capital letter defines the face on which 
the stress in question acts, whilst tho suffix denotes 
the direction of the force exerted. 

Passing through every point in the material wo 
liave three mutually perpendicular faces of the 
kind just considered, and on each there are three 
independent components of stress which require 
symbols. Nine stress-components are thus intro¬ 
duced, namely, three normal stresses, X x , Y,„ Z z , 
and six tangential stresses, X„, X„ Y* Y x , Z x , Z y . 
I3ut the last six components can he reduced in effect 
to three, since we may show that 

X„=Y a ., Y a = Z„, Z x = X z . . . (4) 

these. relations may bo proved by considering 
the equilibrium of an elementary parallelepiped, such 
as is shown in Fig. 2, which requires, inter alia, 



that there shall bo no tendency to rotate. A littlo 
reflection shows that body forces such as are exerted 
,by gravity, if of finite intensity, have a negligible 
turning effect, and that the only components of 
stress which have a tendency to turn the parailolo- 
pijred about the axis YY (if the dimensions of the 
luces are so small that the resultant force eorre- 
spondmg to any stress can be assumed to aot at the 
centre of the face affected) are the components X„ 
chi the two faces which are normal to the K-axis, 
and. the components Z x , on the two faces which are 
normal to the z-axis. The total forces contributed are, 
for the former stresses, of magnitude (X* . AO . AD 
(we have to multiply the stresses by the areas of 
the faces upon which they aot), and‘for the latter, 
of magnitude (Z x . AB. AC), as shown. Now the first 
two forces act in opposite directions along lines 
which are a distance AB apart, and the second in 
opposite directions along lines which are a distance 


AD apart: Hum (ho first pair produces a couple of 
magnitude (X-. AB , A ('. A.IJ), and the second a 
couple of magnitude (Z,,,. AH . AO. AD), and (an is 
evident from tho diagram) of opposite sign. The 
condition of equilibrium therefore requires that 

Z* • AB. AC. AD-- = X,. AB . AC. AD, 

whence the third of the relations (•:() follows directly, 
and the other two relations by similar reasoning. 

It can bo shown that the stress - components 
defined as above, and reduced in number, by the 
relations (4), to six, are suflicient for representing 
the most general system of stress which can obtain 
at any point in a body. By men ns of certain 
“ formulae of transformation,” the stress-components 
on any other plane through the point can be written 
down, and it may ho shown that in any possible 
system of stress there will bo three planes through 
any point, mutually perpendicular, on which the 
stresses are purely normal. Hence, in proceeding to 
derive tho exact stress-strain relations required to 
give precision to Hooke’s Law, wo may eon fine our 
attention to a system of three mutually perpendicular 
normal stresses. 

Notation is similarly required for tho different 
components of strain. In § (3) wo considered two 
distinct types, to which we gave the names “ stretch 
and “slide.” We now introduce the notation c m 
for the stretch in the direction of the axis Ox —tho 
double suffix indicating that the strain in question is 
a relative displacement of two planes, each of which 
is perpendicular to the axis of x; and in conformity 
with this notation wo employ tho symbol e vz for the 
angle y defined in (3) —tho double suffix Store 
indicating that the strain in question is a relative 
displacement of planes which are perpendicular to 
tho axes y and z respectively. It is obvious that 

Cxv—Cyx, Cy z ~~c zv , C zx -~(!i, is, . • (ft) 

so that corresponding to our six distinct components 
of stress wo have six distinct components of strain, 
and these may be shown to be sufficient for defining 
tho most general type of strain which can obtain 
at any point. By means of “ formulae of trans¬ 
formation ” similar to those which wo have noticed 
as holding for stresses, we can express in terms of 
e xx> • • ., c»*, . . etc., the strain-components 
corresponding to any other system of axes, and wo 
may prove that in any possible system of stress 
there will exist three directions through any point 
which are mutually perpendicular, both before and 
after strain: tho strains in these directions are 
[ termed “ principal strains ” at the point considered, 
and tho directions themselves are termed “ principal 
directions of strain.” 

Considerations of symmetry show that the 
principal directions of strain will always 
coincide, in materials which arc isotropic, — i.e. 
Avhich exhibit similar properties in all direc¬ 
tions,—with the directions of the three purely 
normal stresses to which we have referred ■ 
above ; wo shall therefore define our stress* 
strain relations completely if wo can write 
down relations between the three “ principal 
stresses,” as they are generally called, and tho 
corresponding “ principal strains.” We begin 
by considering the strain system which is 
involved by a simple tensile stress, of amount 
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Tj. This stress will evidently be one of the 
three principal stresses at the point considered, 
and the other two will be zero ; it might be 
expected, therefore, that two of the three 
corresponding principal strains will vanish. 
Experiment shows, however, that the facts 
are different: the tension T x is accompanied 
by a proportionate stretch in its own direc¬ 
tion, together with proportionate contractions 
(i.e. stretches of negative sign) in directions 
perpendicular to this. That is to say, if we 
choose our axis of x to coincide with the 
direction of T x , then corresponding to the 
stress-system 

X a = T lf Y w =Z, = 0, 'l 

we have the strain-system | 

Ti _ T x I 

C-xx — '*rp &yv"~&zz — | 


( 0 ) 


where E and <r, by Hooke’s Law, are constants 
of the material. 

The quantity E is known as Young's Modulus. 
It evidently has the dimensions of a stress, 
and may in fact be defined as the stress which, 
acting alone, would involve a stretch of 
magnitude 1— i.e. a doubling of the distance 
between any two points in the material—• 
measured in its own direction . 1 On the other 
hand, the quantity denoted by cr is non- 
dimensional, being the ratio of the lateral con¬ 
traction (- e, jV ) to the longitudinal extension 
(e xx ): it is known as Poisson's Ratio, and 
the fact that it has finite values in actual 
materials introduces very considerable com¬ 
plexity into the calculations of elastic theory. 

Similar expressions will give the strain- 
systems which correspond to tensile stresses 
acting in the directions of 0 y or Os; thus, 
corresponding to the stress-system 
X*=0, Y v =T,, Z z =0, 
we have the strain-system 

To To • T 

&XX — O'Jjj', Cyy — -p , C zz — — (T-Jjy, 

and corresponding to the stress-system 
X x =Y„ = 0, Z z = T 3 , A 



we have the strain-system 
T 3 

&XX — 6 yy — — (T ~-jgj , 


&2Z 


_T S 

E‘ 


( 8 ) 


The most general system of stress, as wo 
have seen, will involve three principal stresses 
at every point, and by a suitable choice of axes 
it can be written in the form 


X x =T v Y„=To, Z z =T 3 , ^ 

X,=Y.=Z B = 0 . f * (°) 


We can at once write down the corresponding 
strain-system, by means of the relations ( 6 )-( 8 ) 
above, if toe may assume that each component 


1 Th A a is . I? the assumption that the elastic 
properties of the material are not impaired by the 
action of a stress of the magnitude considered ; in 
actual materials, as is stated later (§ ( 7 )), failure of 
elasticity would occur at a very much smaller stretch, 


stress is accompanied by the some strams, 
whether it acts alone or in conjunction with 
others. This assumption cannot bo eonipleioly 
justified on a priori grounds, but, nil experi¬ 
mental evidence supports it, and it hns becmtio 
one of the foundations upon which elmsiui 
theory has boon built up. It is known as ( he 
Principle of Superposition. 

Wo adopt, therefore, for the strain-HVidem 
corresponding to (!)) the following ox pressiotiM : 

Cxx = — (i ( Y w -I- Z s ) j- , 1 

e i/i/ — jji j Y v — u(/ s -I- X,) j, | , (101 

1 

fijsa = ■! X- • - (r( X,n -f \ J,) j , 

<‘xil ~ C*;|! — 0 , 

and from what has been said above it will he 
evident that in these equations we have a com¬ 
plete and definite statement of the stress-sl rain 
relations, in an isotropic material, of which 
Hooke’s Law is the qualitative expression. 
It is easy to deduce from them the following 
alternative forms of the stress-strain velatioiiH : 


,r __ (1 “ ff)E f IT . \ \ \ 


(1 -<r)E 


1 .<r 

cr 


Y, ‘ “(1 + <r)(l--2«rj{ ilw " h f-: '' ^ 


an 


r , (l-tr)E f <r . . i 1 

/s '(I + <r)( 1 - 2crj I ***’''l t I • j 

X 1/ = Y z = Z B = (). I 

§ (fi) StUKSB - STRAIN RkUTIONM IN THU 

GhnkkaIj Cask.- .Equations (11) give I ho 

principal stresses in terms of the principal 
strains. They are frequently written in the 
simpler form 

-X $ A A -| ' 
y ■- - A A '1‘ 

Z z : A A I 2 | 

where A~. ^ , 2 y- l ' 4 , j ^ 

(l +<r)(l-2<r) ( 1 , i n) J 

and A denotes the quantity j 


Gm H' •! ■ <'■»$* ~ 

which is known as the dilaltilUm. Obviously,* 
A represents the fmotional change of volume 
which will be produced in an elementary 
parallelepiped of the material, as (lie result, 
of the three strains <?*„, c w and e„ nee tiering 
simultaneously, if wo may regard thm* utmittn 
as small ; for this fractional change in given Iiy 
SV 

ry CS (1 4 - e m )( l + eyy)( 1 + (?f») l. 


™ * 1 “ <‘ez, 

if we neglect small quantities of order higher 
than the first, 

By addition of the throe equation* (12) wo 
have 

+ Y v + Z*»(3A -|- 2g)A, 
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and if the three stresses X x , Y v , and Z s are 
equal, and of magnitude T, this equation 
may be written in the form 

• ■ ■ < I3) 

which gives the fractional increase of volume 
caused by a stress of uniform intensity T in 
all directions. A stress of this nature, but 
negative in sign, is produced by the action of 
hydrostatic pressure ; the fractional change 
of volume is also negative, i.e. a contraction ; 
and the quantity ?,(3\ + 2^), -which evidently 
corresponds in equation (13) to the quantity 
ID in the expression (0) for e^,, is by analogy 
termed the Modulus of Compression, or Bulk 
Modulus, of the material. It is often convenient 
to have a special symbol for the quantity, 
although it is not an independent constant 
of the material, and the symbol usually em¬ 
ployed is K : we have, from (.1.2) and (13), 

K=K3X + 2^)= 3 j r f-2~ ) , . (14) 

Another constant of frequent occurrence, 
also expressible in terms of E and cr, is the 
“ modulus of rigidity,” often denoted by C 
or N. We may conceive a stress - system 
such that a small cube of the material is 
completely free from stress on two opposite 
faces, and subjected to simple shear, of in¬ 
tensity S, on the other four : the relations 
(4) show that the shears 
on one pair of opposite 
faces must be equal to 
the shears on the other 
pair, and we may there¬ 
fore take Fig. 3 as repre¬ 
senting the stress-system, 
If wo consider the corre¬ 
sponding stress across 
the diagonal surface 
ABC.D, it is easy to show, from the condition 
fox' equilibrium of either of the two parts into 
which this surface divides the cube, that it will 
be purely normal, tensile, and of intensity S ; 
similarly, the stress on the other diagonal plane 
will be purely normal, compressive, and of in¬ 
tensity S. If, therefore, we take our axes of x, 
y, and z parallel to EF, BA, AD respectively, 
we see that the stress-system will be given by 

X. = S, Y„= -S, Zg. = 0, ^ 

X y =Yg=Z x ~0, J * ( d) 

and the corresponding strain-system, by (10), 
will be given by 

„ _1 + 0 ' Q _ ,, 

.to — — e VU) 



E 


(16) 


&zz~ 0. 

Thus wc see that the diagonal EF will 
lengthen by a fractional amount (1 + <r)(S/E), 
and that the diagonal AB will contract by a 
like amount. The two diagonals will remain 


perpendicular, and if dashes indicate positions 
after strain, we have 

tan A / E , G / = ~2J=SJ- +C, ' tf , ) ^ =! + 

15(1 (l+e a . r )EU 1-K™ 

Now the change produced by strain in the 
right angle AI5B is obviously equal to 

|-2(A / E / G'), 

and this change is the angle y of shear strain, 
or “slide,” as defined in equation (3) of § (3). 
Thus we have 

1 +<?.)/!/’) 

-I- e M , 


- tan 1 


whence 


1 


tan 0 .~ l} 

2 2 -|~ 6xx + &i/y 

if we regard the strains as small, and neglect 
small quantities of the second order. To the 
same approximation, we may write y/2 for 
tan y/2 ; we thus obtain, finally, 

y- 


=2(1+4 


(17) 


The “ modulus of rigidity,” by analogy 
with the definition of E which has been given 
above, is defined as the intensity of shear 
stress required to produce a slide of amount 
1. lienee the slide y which corresponds to a 
shear stress S is given by 

.(IS) 

and by comparing (17) with (18) wo see that 

c = 2( i■ • * (10) 

that is to say, the modulus of rigidity C 
(or N) is identical with, the constant g. of 
equation (12). 

The results expressed by (1/1-) and (10) enable 
us to imposo certain limits upon tlu> values which 
arcs possible for cr. It is clear that the three moduli 
denoted above by E, C, and K muHt all be positive: 
otherwise, it would ha possibles to obtain an in¬ 
definite supply of energy from elastic material by 
putting it through an appropriate cycle of stress, and 
the principle of Conservation of Energy would be 
violated. It follows that the two ratios K/E and 
C/E, and hence the quantities l-2<r and I + cr, are 
necessarily positive : that is to say, cr must lie within 
the range given by 

~l<<r<05. 

So far as is known, no material exhibits a negative 
value of cr; but it is of interest to note that such 
values are not a priori impossible. 

If our axes of x and y had been taken 
parallel to the sides, EB, EA, instead of to 
the diagonals, EF, BA, of the cube, the 
stress-system of Fig. 3 could have been ex¬ 
pressed in the form 

X„=S, Y* = Z*=0,'i corn 

X.=Y v = Z,=0, / ‘ ( ’ 
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and the corresponding strain system, from 
what has just been said, would have been given 

by _S _ _ i 

e vz — c 3:o — 6, | /0 

g r l; 

— Qyy ™ 0. • 

The strains corresponding to shear stress- 
components Y 3 or Z.j, could bo similarly 
written down, and by the Principle of Super¬ 
position these may be combined with one 
another, and also with the expressions (11) 
or (12), which in § (4) were derived on the 
assumption that X*, Y„ and Z 3 were principal 
stresses— i.e. that X„, Y s and Z x wore zero ; 
for the principle asserts that any one stress- 
component has a definite expression in terms 
of the strain-components, which will not be 
affected by the coexistence of any other. 
Thus, in the general case, where the axes of 
*, y and z do not coincide with the directions 
of the principal stresses, we have the following 
relations between stress and strain : 

A-a; — X A ”1- 2gC 1( jaj, X y “ gfiaij/, 1 
Yj,=XA+2 /i.e v . u , Y s ~fj.c vs , . . (22) 

Zji, = X A + 2 /xCjs, Z x —/xe eiis .f 
The most general expression of Hooke’s Law, 
in isotropic material, is thus seen to involve 
only two elastic constants. 

§ (6) Dynamical Equations in Terms or 
Stress. —We have now expressed the purely 
empirical law of Hooke in a form which 
is mathematically convenient, and wo may 
proceed to apply our results to the analysis 
of stress and strain in elastic solids. The 
motion of any portion must be governed by 
the ordinary laws of dynamics ; that is to 
say, its acceleration will be determined by 


tend to pull the pamllelnpijH'i 1 in opposite 
directions) dilfer by tlm amount U'Xjt ,r)C>x ; 
hence, their combined contribution to thin 
force is 

r X„ „ , 

, civ/. it;:. 


or 

contributions 


of the ii| hot’ MtrcMHOM are 


e.r . <)j/ , o;i' 


ox . ib/ . a; 


Tint 

given, similarly, by 

uY,„ 

% 

and vY ‘ x . 

(b 

and luvneit wo see that tile total unltnliitieeil 
force on the parallelepiped, in lint dim-limi 
Ox, is given by 

hX* , r-X w , t 1 X s 
(It; ft/ 

whore pX is tint body-force, per unit voluine, 
acting at the,point considered : tin* Nuhstitution 
of X„ for Y,„ is justified by Hit* relations (•() 
abi ivo. 

But the mass of the nntlcnitl eoutained 
within fclio parnlleloplped is t » . tlr . ty , fc, 
where /» is the density ; hence, if /, in its 
acceleration in the direction tl.r, we have as 
the equation of motion in this dmodiun 
rX, , }iX v , t X 


/tX 


')* 


r . 01 / 


pX . , 

('X 

and the equations 


’!/ 



and 


pY ■ 
P Z 


S'Xv , ' Y„ 

f.t; 


t'Zj 

<x 


<y 

(l Ys 

<y 


r\, 

vs 

V/i% 


/'• /> 
P * /» 


CM) 


the resultant unbalanced force which, acts 
u P on if, _ and by its inertia. If we consider 
the portion contained within the boundaries 
of a small parallelopiped, as shown in Fig. 4, 
it is clear that we can express the unbalanced 
force exerted by the surrounding material 
m terms of the stress - components defined 
above. Consider, in the first place, the com- 
ponent of tins force which acts in the direction 
o tne axis Ox. The stress-components which 
contribute to it are X*. Y„ and Z. x , acting on 
the faces shown. The components X a act 
on faces whoso area is Syx8z, and which are 
a distance ox apart, so that the magnitudes 
of the stresses on the two faces (which clearly 


can bo obtained similarly. 

Equations (21) must’obviously l>6 mtwlhni 
at every point in a body, indopoiiderdly ,,f 
any assumption regarding its cltiMticity, ’ ,\ n 
additional equations are required to define 
the rotational motion of the pnmdlelupiped, 
which may ultimately lie regarded urn iultnilesi■< 
mal, and so treated as a particle, din* ntwenen 
of any resultant turning tendeney | m ■ 
ensured already, by the relations (4 ), 

§ (7) Strains kxi*iu;ssi;i) in Tick aim or he. 
i’laukmknt. When the stress slrniii relations 
arc* known for the material riinside*red, we euu 
ex[)ress the quantities (other than X, Y and ‘A) 
on the loft of equations (2,1) in tortnm of si min • 
components; but the equations will still lm 
mtractable mathematically, unltstw wo can find 
a common system of variables In terms of 
which they may be completely expressed; 
and the fact that the acceleration rornjwments 
/«,» fm J a may be expressed in terms of tin* 
component displacements of the point «m- 
aidorod indicates that we should endeavour 
also to relate the six strain-corn nimen In to 
these quantities. ’ 

Let u, v, w denote the oomponotit displace* 
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ments of any point (x, y, z) in tho directions 
Ox, Oy, 0 z respectively; then 

f t _d s v t d s w 

r,i a ’ • (24) 


diilimilt to sou that the reason why such 
expressions are not permksiblo is tliat thev 

“ ti0 ' W J ° r C0 " tinUifcy ° f th0 n,a torial Jter 


v e vv 9 a Cg » d~e vz 

W' + df~~dydz’ 

2^33 4. 

0 ^-+ p 


2 / ?e w <?, 

a»\ C.r " r 7 


•/®~ of 8 ’ ~ j?ga> —"fig®"* ’ (24) strain. ' ' 

The strain-component denotes the stretch be'ratil™ relations which must 

in the direction O®, and this term was defined tho voZlmut 1 I “ ordw that 

m § (3) as the limiting value of the expression (2) a possible one, can bo written ^£ 0 °™“* b ° 
when A13 is parallel to 0® and m- o 2 „„ 

definitely reduced. We may now write ? (_^ e n de m de^S 

Sx for the length AB in the denomina- l,z “ " !r 2,i/rV "dydz 0;«\ W + dy + !hj> 
tor; the numerator is the total in- 9^g* ,3 a c« M) d 2 e M 7}% u 0 / 0 , p e ,„ 7)e. \ 

crease in the length of AB which dx* + dz“ ~dzdx’ “ 02 & = 0 y ( ~dx~ dv +1W’ 
results from strain, and this will as, ;,a„ 02 ,, ^ ' 

clearly be equal to the amount by 70 *+ idf «T?r» 2£4y»i- ( C 4™+^~ CCai » \ 
which the displacement of the point ' ‘ lxl y ° X(y tz ' cx 2 y dzj' 

B exceeds the_ corresponding displacement of Those equations arc generally known as the 
the point A t.e. to tho quantity (du/dx). Sx, ditiona of Compatibility fo/strain - Com™ 

Ilius, in the limit, when 8x is indefinitely They can bo verified by substitution froni (‘ 
reduced, we have ( 20 ), and are obviously independent of any a 

JW *| on . iu regard to the properties (other tha 

em ~lx’ tmuity) of tho material. 

and similarly . . , (25) §.(®) Equations op Motion. —Review! 

dv _ dw position reached in the preceding: nararr 


’* 2e 2S de xv \ 
~cy' r Tz'J 

? 2e aa 0e £ „\ 

+ 2 y ds )' 


■ ~ *uu generally Known as the “Con¬ 

ditions of Compatibility for Strain - Components » 
They can bo verified by substitution from (25) aiid 

ti ’ in U . ttrC ? b , Vi °"!' Iy inde Pendent of any assump- 
tion 111 xegard to the properties (other than con¬ 
tinuity) of tho material. 

§.(?) Equations op Motion.— Reviewing the 
position reached in the preceding paragraphs 
we notice that— 8 1 ’ 


mi . . , . ,.(*?) ^ le oc L u ations which express the equi- 

Ihe strain-component e, /a denotes the slide in hbnum or motion of the material contained 
the (y, z ) plane, i.e. the value of y in equation 'vithin any elementary parallelopiped may be 
(3), when AL is initially parallel to the written down from y 


(3), when AE is initially parallel to the axis of 
y, and AC to the axis of s. It is the angle by 
which AC and AE approach one another, and 
this obviously is the sum of (i.) the angle at 
which ACT is inclined, after strain, to the 
y-axis, and (ii.) the angle at which ATT is 
inclined, after strain, to the z-axis. By reason¬ 
ing similar to what has been given above, we 
may show that the first angle is of magnitude 
dw/dy (we shall always be concerned with 
strains which are very small, and hence it is 
unnecessary to distinguish between the angle 
and its tangent) and the second of magnitude 
dv/dz ; hence wo have 


and similarly 


dw Bv 
= Wj + dz ’ 

du dw 
= ?z~ + S’ 


. Alaking use of the results expressed in equa¬ 
tions (22) and (24)-(2(l), wo can write the 
equations of motion (23) in terms of the throe 
variables u, v, w, and of constants which are 
lcnowh for the material considered. We thus 
obtain the result given in equations (28). 

The fact that all six of the strain-components 
can be expressed in terms of tho throe com¬ 
ponent displacements % v, w, indicates that these 
six quantities are to some extent interconnected; 
that is to say, if we assign an arbitrary expression 
to each strain-component, we shall not in general 
obtain a possible distribution of strain. It is not 


written down from considerations of statics or 
of dynamics, in terms of its density and of the 
stresses which act upon its faces; 

( b) The component velocities and accelera¬ 
tions of the contained material can be ex¬ 
pressed in terms of the component displace¬ 
ments u, v, and w; 

(c) Tho strains (or changes in the sides and 

angles of the parallelopiped) may be expressed 
m terms of the same three quantities, from 
geometrical considerations alone; ’ 

. ( d ) An innovation is introduced in the theory 
of elasticity, by the assumption of relations be¬ 
tween stress and strain which enable us to sub¬ 
stitute strains for stresses in the equations of 
equilibrium or of motion, and thereby to express 
these equations solely in terms of the relative 
displacements of different points in the body. 

Ihe resulting equations of motion, when 
the body-forces are zero or negligible, may be 
written in tho form 


. ,3A 0 0 2 ?; 


whore v 2 denotes tho operator 

jP 0 ^. , _3^ 

dx zi 2y 2+ 0a 2 ’ 
and tho “ dilatation ” 

2a '.dy + dz 
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When the displacements u, v, to, are steady, 
the terms on the right of these ^ equations 
vanish; we are then left with equations 
of equilibrium.” 

For some purposes it is convenient to re¬ 
place the rectangular (or Cartesian) system 
of coordinates which we have employed 
above by other systems, such as polar co¬ 
ordinates. For particulars of such systems, 
reference must be made to the authors cited at 
the foot of this article: it is sufficient here to 
state that the motion can always be defined by 
three variables, between which three indepen¬ 
dent relations may be found from the equations 
of motion for the material contained within an 
elementary volume. 

The equations (28) will be satisfied at every 
point in an elastic body, on the assumption 
- that the relation between stress and strain may 
be expressed as in § (5) above (i.e. that it is 
linear, and independent of the previous stress- 
history of the material), and that the strains 
occurring in the body are everywhere small. The 
latter assumption is necessary both to justify 
the equations of equilibrium as expressed in 
terms of stresses, and to give precision to the 
relationship between stress and strain : fortun¬ 
ately, it imposes no serious restriction upon 
the extent to which our results may be applied 
in practice, since it is found that the strains 
produced in actual materials, by any stress 
which they are able to sustain elastically, aro 
always extremely small. Remembering this 
restriction upon the validity of the equations, 
we may draw a deduction of great practical 
importance from their form ; for it is evident 
that when any two solutions are combined in 
any proportion, the resulting expressions for 
the displacements will also be solutions of the 
equations. This is, of course, a restatement, in 
a general and mathematical form, of the “ Prin¬ 
ciple of Superposition ” which we have noticed, 
as an experimentally established law, in §§ (4) 
and (5) above. 

We have said that the general problem in the 
theory of elasticity is to determine the relative 
displacements of different points in a given 
body, produced by forces which are specified as 
acting either on its surfaces or throughout its 
volume: forces of the first type are termed 
surface tractions, and of the second type body 
forces. A second form of the problem may now 
be mentioned, in which the displacements of 
the surface are specified : body forces may also 
be assumed to act, and in general the specified 
conditions may include specified tractions at 
some points of the boundary, and specified dis¬ 
placements at others. The surface displace¬ 
ments or tractions may be specified by their 
components perpendicular and parallel to the 
surface, but the displacements can obviously 
be resolved along any specified direction (and 
hence expressed in terms of u, v, and »), and 


the fommlao for transformation of Htress-eom- 
ponents (referred to in § (!) above) enable us 
to express boundary conditions which consist 
of specified surface-tractions in tonus ol Mu' 

stress components, X„,, . . ., X r .. and 

hence in terms of w, v, and tv. Mathematically, 
therefore, our general problem is to determine 
the forms of throe functions, it, % tv, which must 
satisfy the equations (28) of motion or equi¬ 
librium at every point in the body, and which 
are subject to certain boundary conditions at 
the surfaces. If such functions can lit* found, 
wo are in a position immediately to deduce the 
strains and stresses which occur at every point 
in the elastic solid considered, and its behaviour 
is then completely defined ; for Kirchholf has 
shown that any solution of the equation^ of 
equilibrium, which also satisfies the specified 
boundary conditions, is unique, and Neumann 
has extended his theorem to the equations of 
motion, by showing that a solution of these 
equations which satisfies specified initial condi ¬ 
tions in regard to displacement and velocity is 
also unique. 

For practical purposes, we arc oflen concerned 
almost entirely with the distribution of tilrcstt in the 
interior of an elastic body, and the displacementc 
and strains which accompany the stresses are of 
little interest. When the surface (motions are 
specified, it is, therefore, evident that a eimsidercble 
gain in point of convenience might he expected from 
methods which would enable us to calculate the 
strossoH directly, without introducing the quantities 
«, v, u>. Much attention 1ms been devoted in recent, 
years to this problem, ami methods for the “direct, 
determination of stress" arc coming into inert' ami 
more frequent use. Their principle consists hi 
expressing the different components of stress in 
terms of one or more common functions, which arc 
determined by characteristic dill'emiliiil equations 
obtaining at every point, and liy appropriate boundary 
conditions: for details, reference must lie made to 
the authors cited, 

§ (0) Am.K!AYION (IK Ttl KORY 'I'll lO.NCItNKKU- 

ing .Dkhkin, .-The theory, of course, possesses 

an intoroBt, from the purely mutlmmatirnl 
standpoint, which in independent of its pract i¬ 
cal applications ; hut for the purpose of t he 
present article it is necessary here to inquire 
what ia ita value to the physicist and to the 
engineer. The immediate answer, from the 
point of view of the engineer, is that t he cal¬ 
culation of HtrcsHOH is an essential preliminary 
to tlu> design of structural mom hers of adequate 
strength. Actual materials, as has been statin l 
above, are elastic only ho long as the stresses 
to which they are subjected lie within pertain 
definite limits: if these limits aro exceeded, 
permanent distortion occurs, by processes of 
great complexity, about which it is utumecH 
aary to say more here than that, they are in. 
variably accompanied by more or less serious 
deterioration of the materials’ capacity for 
resisting stress. The problem of deciding 
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whether Hus calculated stress-system will or 
will not produce thin “ failure of elasticity ” in 
a given material is one with which the theory 
of elasticity, in its strict sense, has nothing to 
<lo : it is fully discussed in the article on 
“ Theory of Structures,” and it is suflicient 
here to remark that the theory of elasticity 
supplies the mathematical basis for the calcu¬ 
lation of stresses; that the science of '.resting 
of Materials (see article under this heading) 
supplies experimental data in regard to the 
strength of the materials of construction ; ami 
that the Theory of Structures employs the 
information thus provided in the practical 
science of “ Design,” 

§(10) Sumk (Iknkhai, Tukouiomh. - -Apart 
from (plosions of strength, the practical utility 
of the theory of elasticity will he most easily 
judged from an account of the problems which 
have been solved up to the present time 
by its means. We may notice, in the first 
place, certain general theorems which have 
been established. First, it has been shown 
that the stresses set up by a load which is 
suddenly applied may he as much as twice as 
great ns those which would he produced by 
a gradual application of the same load, and 
that if a load he suddenly mimed the stresses 
may be trebled; this result has, of course, a 
very great importance for engineering design. 
Again, the olleets of small flaws in materials 
have been investigated, and it has been shown, 
for example, that if a member which is sub¬ 
jected to simple tension or compression in one 
direction contain a small spherical Haw at some 
point in its interior, the tension or com¬ 
pression in the material will he approximately 
doubled at certain points on the surface of the 
flaw ; if the flaw have the form of a circular 
cylinder, with its axis perpendicular to the 
direction of the tension, the stresses will he 
trebled. 

Again, the effect of an impulsive pressure at 
the surface of a body Iuih been investigated in 
general terms, and it has been shown that 
waves of stress can be propagated in an elastic 
solid which, if the solid is isotropic, may bo of 
two types, propagated with different velocities. 
The first is a wave of dilatation, involving an 
alteration in the volume, but not in the shape, 
of each element of the material as the wave 
passes it; such waves are propagated with a 
velocity v(\ + 2g)/p. The second is a wave of 
distortion, involving change of shape, but no 
change of volume in each (dement affected; such 
waves travel with velocity */u/p. Further, 
it has been shown that a certain typo of wave 
exists which is propagated over the surface of 
a solid body, and involves practically no dis¬ 
turbance in tire interior ; its velocity is a little 
less than that of the waves of distortion just 
referred to. These results have, of course, an 
important bearing upon the phenomena which 


O'smr in the collision of clastic nolids, and in 
earthquakes. 

, Light has also boon thrown upon the nature 
of the stresses produced by concentration of 
load at some point in a body, by means of 
exact solutions for certain particular exam pies • 
and a knowledge of the velocity with which a 
wave of stress is propagated along a thin 
cylindrical rod ha.s been used by Mopkinsoii in 
devising apparatus for the measurement of the 
1 fW) impulsive pressures which are sot up iu 
the detonation of explosives. 

§(11) MiUOOIAn So I, UTKINS. PlUNOmVf'i Q.IP 

St. Yun ant. "-Turning now to the considera¬ 
tion of special solutions of the equations of 
equilibrium and of motion, we may notice that 
exact solutions have been found for several 
types of periodic vibration in spheres and 
circular, cylinders, and that the equations of 
equilibrium have boon solved in a form which 
provides exact knowledge of the stresses pro¬ 
duced in a prismatic body of any cross-section, 
under certain particular systems of loading, of 
which the general effect is to produce exten¬ 
sion, flexure, or twisting; those results, as 
will he seen later, have been extended to give 
an approximate theory of such actions, without 
restriction upon the. oxad distribution of the 
loads which produce them. Wo also possess exact 
solutions for the stresses sot up in thick tubes, 
or in spherical shells, by uniform tractions 
applied to their surfaces, and for the stresses 
which arc produced by the rotation about their 
axes of certain solids of revolution such as 
cylinders and thin discs. 

In these exact solutions, it is sometimes 
necessary to assume that a small “ auxiliary 
stress-system ” acts at certain parts of the 
boundary, and the results thus fail to apply 
exactly to practical problems, in which such 
systems cannot he assumed to exist: but St. 
Vonant has shown that the discrepancy which 
thus arises may he, for practical purposes, 
regarded as involving a slight and unimport¬ 
ant doorcase of accuracy, rather than a loss 
of generality. The principle upon which he 
bases this conclusion, and which, is usually 
designated by his name, states that any locally 
applied system of surface tractions, which is 
itself a completely equilibrating system, has a 
negligible influence upon the stresses, except at 
points of tlio body lying quite close to the 
region within which the system is applied. 

§ (12) PttOBJVHMH* OIi’ Tins SfHMRM AND OF 
tu b Plan is.™ : -Ucneral solutions have also been 
obtained for the stresses produced by sym¬ 
metrical distributions of surface traction .act¬ 
ing upon circular cylinders or spheres, and 
the solutions found in the latter ease have 
been applied to problems relating to the form 
of. the. earth, such as the dependence of its 
©lliptioity of figure upon the diurnal rotation, 
and the relative displacements produced by the 
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clisturbmg attractions of the sun and moon. 
J-fie latter are analogous to the tidal motion 
01 tlle , 8ea Native to the land, and for this 
reason have been called “ tides.” Lord Kelvin 
has calculated what he has termed the “ tidal 
effective rigidity of the earth,”— i.e. the 
nguhty which must be attributed to a homo¬ 
geneous, incompressible solid sphere, of the 
same size and mass as the earth, in order that 
tides m a replica of the actual ocean resting 
upon it may be of the same height as the 
observed oceanic tides. His calculations led 
nm to interesting speculations as to the 
constitution of the earth, which do not, how¬ 
ever, appear to be entirely supported by 
evidence obtained from tidal phenomena. 

Finally, we may notice that solutions have 
been obtained for the effects of certain 
particular distributions of surface traction 
upon a body of infinite extent, having one 
plane boundary • it does not appear, how¬ 
ever, that these results are of much practical 
importance. 

. § (13) Approximate Results. —The prac¬ 
tical value of the theory of elasticity has been 
extended less by discovery of exact solutions, 
such as have been referred to above, than by 
investigations which have shown that increased 
generality can be obtained at the cost of some 
slight loss in accuracy. For the practical 
purposes of physios or engineering, it will be 
recognised that generality is of much greater 
value than absolute accuracy, since a margin 
of safety has in any case to be provided, to 
meet such contingencies as faulty workman¬ 
ship, corrosion, or local damage. We have 
already referred to the value of St. Yenant’s 
principle in this connection : one of its most 
important applications has been to the theory 
of such problems as the stresses in beams 
and thin plates. The exact solutions for the 
stresses produced by flexure in a uniform beam, 
to which reference has been made in § (II), 
show that the resultant action of the stresses 
occurring on any section of the beam may be 
expressed in terms of the extension and 
curvature, at that section, of its strained 
centre-line (i.e. the line through tlie centroids 
of cross-sections). It may bo shown that 
. Sonant s principle justifies us in assum¬ 
ing that those expressions will obtain, with 
reasonable accuracy, oven when the external 
forces are not applied in the manner postu- 
atod by the exact solutions, or when the shape 
and size of the cross-soetion change at differ- 
e t parts of the beam. Henoo, instead of 
having to consider the motion of each in¬ 
finitesimal element of the beam, wo may write 
down equations for the motion as a whole of 
Mie material contained between two adjacent 
cross-sections, and wo may express these in 
terms of the relative displacements of the 
corresponding points of the centre-line. The 


number of independent variables is thus 
reduced from three (the co-ordinates of any 
point in space) to one (the distance of any 
section, measured along the centre-line, from 
a fixed point), and a great increase of simplicity 
in the calculations is thus obtainable. 

For an account of the ways in which these 
principles are applied by engineers, in calculat¬ 
ing the deflections which occur in girders 
under the action of lateral loads, reference 
may be made to the article on “ Theory of 
Structures.” Similar methods enable us to 
calculate the frequency with which a beam of 
given dimensions will vibrate, and the results 
thus obtained are of importance, both in 
engineering design (where it is necessary 
to take precaution in advance against the 
clangors associated with “ resonance ”), and 
in the theory of sound. Corresponding simpli¬ 
fication has boon introduced into the'calcula¬ 
tions relating to thin plates or shells, and 
although such problems are necessarily of 
somewhat greater complexity, it is true to say 
that many problems can he solved by these 
appioximate methods—with an accuracy which 
is quite adequate for practical purposes — 
which would be almost intractable by rigorous 
analysis. For the physical theory of sound, 
the late Lord Rayleigh’s generalised treatment 
by approximate methods of problems relating 
to the vibration of elastic solids has proved 
particularly fruitful in results. 

§ (14) Elastic Stability, — One class of 
problem _ still requires notice. We have 
referred in § (8) to a theorem of Kirohhoff, 
that any solution of the equations of equi¬ 
librium which also satisfies the specified 
boundary conditions is unique. If we com¬ 
bine with this the assumption of Hooke’s 
Law, that the strain varies proportionately 
with the stress, wo may conclude that any 
attained configuration which we can determine 
will be stable, since departure from that con¬ 
figuration must of necessity he accompanied 
by an increase in the total potential energy 
of the system. But the theorem of Kirohhoff, 
being based upon the general equations (28) 
mo ', m equilibrium, depends with them 
upon the implied assumption, that the strain 
which occurs in an elastic body, as the result 
ox applied forces, does not affect appreciably 
the stress which those forces bring into exis tence 
at any point. This assumption is in general 
ogitiraato: but it fails in some instances 
when applied to elastic solids, such as thin 
rods or plates, of which the dimensions are 
widely different in different directions. For 
example, if we imagine a straight shaft, which 
initially rotates about its axis, to deflect into 
a curved form, then additional stresses will he 
called into existence as a result of that deflec¬ 
tion, since the centrifugal effect of rotation 
will tend ‘to deflect the shaft still further. 
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At some definite speed of revolution this 
distorting effect will exactly neutralise the 
capacity which the shaft possesses, in virtue 
of its elasticity, of reverting to the straight 
form, and hence the deflection, if it occurs, 
will be maintained. The equilibrium of the 
straight configuration has in fact become 
neutral, and the shaft is said to “ whirl.” 

A similar tendency towards “ elastic in¬ 
stability ” is exhibited by a long straight rod, 
or “ strut,” which is subjected to axial com¬ 
pression. At a certain definite value of this end 
load, the equilibrium of the straight configura¬ 
tion becomes neutral, and the load can hold 
the strut bent into a curved form. Both of 
the examples here cited are of the first im¬ 
portance in engineering design, and the reader 
who desires to have further information about 
them should refer to the article on the “ Theory 
of Structures.” 

Elastic instability can also occur in thin 
circular tubes, when these are subjected either 
to uniform end compression or to hydrostatic 
pressure on their external surfaces (as occurs 
in practice in the flues of steam-boilers), or to 
torsion. It is then accompanied by the forma¬ 
tion of waves, or corrugations, of very regular 
geometrical types, and the analysis', though 
difficult and lengthy as compared with that 
of the problems just described, is tractable 
and interesting, more particularly as regards 
the indications which it affords of precautions 
to he observed in practical work when struc¬ 
tural members have to be built up from thin 
sheets of metal. The development of metal 
construction for aircraft has, in fact, given 
to this subject, which was formerly regarded 
as mainly of theoretical interest, a practical 
importance comparable with that of the more 
familiar problems of elastic theory. 

§ (15) Photo-elasticity and Soap-bubble 
Methods. —Compared with other branches of 
mathematical physics, the subject of elasticity 
is remarkable for the extent to which theory 
has developed in advance of its experimental 
verification. Indeed, a little reflection shows 
that such verification is a matter of the 
greatest difficulty. No means have been 
devised for measuring the strains in the 
interior of an opaque body, and a comparison 
of the breaking loads given by theory and 
by experiment fails to supply the required 
verification of theory, for the reason that 
fracture in actual materials is preceded by a 
more or less lengthy period of transition from 
the elastic to the plastic state, during which 
the relations between stress and strain fail to 
obey Hooke’s Law (of. § (9)). 

The nearest approach to precise experimental 
verification which has yet been made employs 
the property of photo-elasticity. It is an ex¬ 
perimental fact that an isotropic transparent 
body—such as glass (which has the merit 


that it obeys Hooke’s Law with considerable 
precision)—becomes doubly-refracting when 
stressed, its optical principal axes at any 
point being coincident with the directions of 
the principal axes of stress at the point ; 
hence, by the aid of polarised light, it has been 
found possible to study many two-dimensional 
systems of stress which are not amenable to 
mathematical analysis. 

In such systems, the stress-components are 
expressible in terms of a function x> deter¬ 
mined by appropriate boundary conditions, 
and by the equation 

. . <*, 

which must be satisfied at every point of 

the (x, y) plane lying within the elastic solid 
considered. In the solutions obtained by 
St. Venant for the stresses produced in a 
prismatic solid by torsion or flexure (see § (11)), 
the stress-components are found to he expres¬ 
sible in terms of a function \jj which satisfies 
the simpler equation 

[S + f*>=°- ■ ■ < 3o > 

Now equation (30) is satisfied by the normal 
displacements (when these are small) of an 
initially flat membrane which is subjected to 
equal tensions in all directions, and advantage 
has been taken of this fact by Taylor and 
Griffith, who have shown how to determine 
the function i p, for prisms of any given cross- 
section, by measurements made on a soap film 
stretched across a closed boundary of appro¬ 
priate form. Such experiments are not, of 

course, to be regarded as a verification of 
elastic theory, but as a means of extending its 
results : they are typical of the present trend 
of its development, which tends more and 
more in the direction of practically useful 
extension, even at the cost of some slight 
decrease in accuracy. n. v. s. 

References. —The standard work on the subject 
is Professor A. E, H. Love’s Mathematical Theory of 
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1020) includes references to practically every paper 
of importance in the subject which lias so far been 
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applied successfully to practice are described (in 
general, with diagrams which serve to show the order 
of magnitude of the stresses considered) in Dr. A. 
Morley’s Strength of Materials, Sir J. A. Ewing’s 
work of the same name, and other engineering 
treatises of similar scope. The following table of 
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works of Love and Morley : 
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ibid. pp. 16, 17, and § 92. 

§ (9) Cf. Morley, op. cit. chap. ii. 
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272 (d)-(e), and 341; Morley, op. cit. chaps, ix., xi., 
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Electrical Brake — National Physical 
Laboratory Dynamometer. See “ Dyna¬ 
mometers,” § (2) (v.). 

Electrical Constants. Table of most re¬ 
liable values for use in determinations 
of mechanical equivalent of heat. See 
“ Mechanical Equivalent of Heat,” § (9). 
Electrochemical Equivalent oe Silver. 
See “ Mechanical Equivalent of Heat,” § (8). 
See also Vol. II. 

Electrolysis, Thermodynamics of. See 
“ Thermodynamics,” § (64). See also Vol. II. 
Elongation : 

Barba’s Law for Geometrically Similar 
Test Bars. See “ Elastic Constants, 
Determination of,” § (15). 

Distribution in a Test Bar. See ibid. § (15). 
Variation with Cross-section. See ibid. - 
§ (1?) (h.). 

Variation with Gauge Length. See ibid. 

§ (17) (i). 

Elongation and Contraction of Area. 
Method of Calculation. See “ Elastic Con¬ 
stants, Determination of,” § (23). • 

Emergent Stem, Correction, applicable to 
thermometers. See “ Thermometry,” § (9), 
Emissivity of a Surface : a term used to 
denote the ratio of the heat emitted by 
unit area of the surface to that emitted by an 
equal area of a “ full radiator ” at the same 
temperature. See “ Pyrometry, Total Radia¬ 
tion,” § (18). 

Energy corresponding to a given Wave¬ 
length in the Radiation from a Black 
Body used as a secondary standard of 
temperature in the range above 500° 0. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (41) (iv.). 

Energy, Distribution of : 

In the Heat Emission Spectrum of the 
Metals, and Correction to Optical Pyro¬ 
meter Readings. See “ Pyrometry, Opti¬ 
cal,” § (17). 1 

In the Spectra of Platinum, Palladium, and 
Tantalum, determined by Optical Pyro¬ 
meter. See ibid. § (23). 

In Spectrum of a “ Eull Radiator ” at 
Various Temperatures, studied Experi¬ 
mentally. See ibid. § (2). 


Energy, Measurement of, in Thermal Con¬ 
ductivity Determinations. See “ Heat, 
Conduction of,” g (9) (i.). 

Energy of Ideal Gas and of Gaseous 
Mixtures. See “ Thermodynamics,” gg (57) 
and (62). 1 j 

Engine, _ Heat-. See “ Thermodynamics, 
Definition of,” g (1), “ Reversibility of,” 
§§ (18) and (19), “ Efficiency of,” g (20). 

ENGINES AND PRIME MOVERS, 
THE BALANCING OE 

§(1) Preliminary.— An engine is said to bo 
balanced, when it runs without vibration. 

Masses are added to the moving parts to 
secure this immunity from vibration, and these 
masses are called Balance Weights. 

The importance of keeping the ongino still by 
balancing the moving parts lies in the fact 
that if it vibrates it communicates its vibration 
to the foundation on which it is secured, 
and thus starts a wave which may spread to 
the surrounding buildings and cause trouble. 

The trouble is very much increased if the 
foundation has a natural period of vibration 
equal to the periodic time of the vibration of 
| ^ le engine. Then the disturbance produced 
in the buildings is out of all proportion to the 
disturbance of the engine itself. 

Synchronism of the engine vibration, or a 
harmonic of it, with the natural period of 
vibration of the foundation, or a harmonic 
of it, may thus cause troublesome or oven 
dangerous disturbances in the buildings sur¬ 
rounding the station in which the engine is 
at work. 

The balancing of marine engines when their 
speed was low and the period of vibration of 
the ship’s hull high was not a pressing problem. 
But ships grew in size and engines increased 
in speed so that the natural period of vibration 
of the hull and the time of revolution of the 
engine approached synchronism and in some 
ships found it.. Such ships wore uncomfort¬ 
able to travel in. Again tho vibration pro¬ 
duced by unbalanced engines in destroyers and 
cruisers was so noticeable that tho designed 
speed in some ships had to be reduced be¬ 
cause of tho dangerous vibration produced. 

Tho problem of balancing tho engines so 
that they could work at any reasonable speed 
without producing vibration thus forced itself 
on the attention of engineers, and solutions 
exact, approximate, or roughly approximate, 
had to bo found. 

The necessity for balancing tho moving 
parts of an engine arises from the manner in 
which these parts are compelled to move. 

Change of speed or change of direction of 
a moving mass requires the action of an 
external accelerating force. 

The moving parts of a machine are com- 
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polled by their mechanical connections to 
change continuously the speed, and direction 
of their motion, and therefore accelerating 
forces are in continuous action on them. 

These forcos have equal and opposite re¬ 
actions and these reactions ultimately appear 
as a systoin of forces acting on the frame of 
the engine. 

The system is complex and changes from 
instant to instant, but the changes are periodic. 

Balance weights are disposed on the moving 
parts so that, considered as a separate system, 
they have a resultant action on the frame as 
nearly as practicable equal and opposite to 
the resultant of the reactions produced by 
the motion of the parts. 

A part may bo balanced in such a way 
that the reaction supplied by the balance 
weight is applied directly to the part, and 
thus no force appears on the frame at all 
so far as that part is concerned. 

A rnoro detailed consideration of the main 
principles will make the matter clear. 

§ (2) Frame Forces and the Balancing 
cur them. —The moving parts of a machine are 
jointed together and with the frame in such 
a way that every point in every piece is con¬ 
strained to move in a definite path. The 
constrained path is closed and the motion of 
tho point in it is in general periodic. 

The first part of. the general problem is to 
find the forces which constrain a mass to move 
in a path defined for it by its mechanical con¬ 
nections. 

The second part of the problem is to find 
how these forces may bo directly or indirectly 
neutralised and so prevent their reactions 
acting on the frame. 

Lot us consider tho example of constrained 
motion furnished by tho crank ancl connecting 
rod mechanism, because the problems involved 
in the balancing of its moving parts illustrate 
tho general principles involved in the balancing 
of any mechanism. 

Tho crank OA {Fig. 1) is jointed with the 



frame at O. The frame being at rest, every 
point in the crank is compelled, to move in a 
circle about O. 

The reciprocating mass 0 is guided in a 
slide on the frame F and can move therefore 
only in a straight line. 


The crank pin A is connected with the mass 
G by a rod AG, technically called the connecting 
rod. 

However the mechanism is set in motion the 
path of every point in every link is defined. 

The distance OA is the crank radius. The 
distance is tho stroke of the reciprocating 
mass and is equal to 20A. The end points 
Cj and C 2 are called tho outer and inner dead 
points respectively. 

The mechanism furnishes three separate 
problems for consideration. 

(1) The motion of a mass in a circular path 
at uniform speed. 

(2) The motion of a mass in a straight path 
at varying speed. 

(3) The motion of a link as defined by tho 
motion of two of its points. 

(i.) Motion of a Mass in a Circle at Uniform 
Speed .—Let M {Fig. 2) bo the mass ; R the 

<J,^V 



radius of tho circle in which the mass centre 
moves, and w the angular velocity of the mass 
about tho centre of the circular path. 

Then it is demonstrated in dynamics that 
the force necessary to cause the motion acts 
at the mass centre in a direction towards the 
centro of the circular path and that its magni¬ 
tude is equal to Mw a R. 

If M is reckoned in pounds tho force is 
expressed in absolute units. If M is reckoned 
in gravitation units so that M = W/< 7 , the force 
is expressed in lbs.-weight, W being the weight 
in pounds. 

The force acts at right angles to the direction 
of motion and has therefore no effect bn the 
speed in the path. 

This force can be automatically called into 
existence by connecting the mass to the 
centre of the path by a radial connector, OM 
{Fig. 3). 

When the shaft is turned the mass must 
move in a circle prescribed by the length of 
the connecting arm. The necessary con¬ 
straining force is applied to the mass by the 
arm. An equal and opposite force is applied 
by the arm to the frame. 

The force acting on the frame is constant 
in amount but varies in direction. At one 
instant it tends to lift the frame up, and next 
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it acts to push it down. Placed on tho plat¬ 
form of a suitable weighing-machine the 
weight of the whole apparatus seen in Fig. 3 
would appear to vary above and below its 
proper value by the amount M« 3 R. 

For example, suppose tho weight of tho 
apparatus to be 100 pounds, of which the mass 
at the end of tho arm, 1-5 foot radius, weighs 
10 pounds. Then if the shaft were driven by 
a motor mounted on tho apparatus at, say, l 
revolution per second, equal to 2ir radians per 
second, the force in pounds acting on the 
frame would be 18-35 lbs.-weight. 

The scale would therefore show a weight 
varying between 118-35 pounds and 81-05 
pounds. 

Increase the speed above that found from 
the relation MorR = 100, and tho upward 
force would bo sufficient to lift tho whole 
apparatus momentarily off tho platform. For 
example, at 5 revolutions per second the force 
is 457 lbs.-weight, and under tho action of 
this force tho whole apparatus would jump 
up and down on the platform of tho scale and 
produce quite a hammer blow. 

This is in fact what may actually happen 
to the driving wheels of a locomotive if tho 
revolving masses put in the wheel to balance 
forces in the lino of stroke are massive enough 
and are driven at a high speed. Tins point is 
specifically considered in § (12) below. 

The frame force (Fig. 3) may be entirely 
eliminated by the simple device of extending 
the radial connector as illustrated by dotted 
lines and securing to it a mass equal to M 
at the radius R. Then each mass provides 
the reaction to tho other and tho frame is 
not called upon for any reaction. Tho arm 
with its equal pair of masses may bo driven 
at any speed without any tendency to produce 
vibration of the frame. 

On the platform of a weighing - machine 
the mass could bo driven at any speed and 
no change of woight would be observed. 

The tension in tho connector rises and falls 
as the speed rises and falls. 

The mass M is said to bo balanced by the 
mass in. It is not necessary that tiro balance 
weight m should ho equal to M, Tho added 
mass has only to require a constraining force 
equal to the constraining force required by M, 

If a mass in is added at radius r to balance 
a mass M at radius, ,R, then oquality between 
the constraining forces is secured when 

Mw 2 R mw 2 r, 

that is when MR =mr . , • (1) 

This is the condition for tho balancing of 
two masses on an arm and in tho same 
plane. 

It is customary to consider all masses as 
though they acted at a common radius. Tho 
radius usually selected is the Crank Radxus. 


Reduction to (trank radius is effected by 
equation (1). 

(ii.) Molion of a Mtm in it Straight Lina at 
Varying Spirit.- Consider tho reciprocating 
mass (J (Fig. 4). It is compelled to move in 
tho straight path dolinod by the slide barn. 
Assume that the crank turns with constant 
angular velocity. Then tint problem is to 
find what forties are required to produce the 

* A 



[ motion of the mass C which is defined by 
the uniform turning of the crank. 

The general method of linding the accelera¬ 
tion of (J is to form an expression giving the 
position of the mass in its path in terms of 
one independent variable. Then differentiate 
this variable twice with respect to the time. 
Tho result of the first differentiation gives the 
velocity of the mass in its path. The result 
of tho Hoetmd differentiation gives the accelera¬ 
tion _ of the mass in its path. The mass 
multiplied by the acceleration is then the 
force wo are seeking. 

The position of the muss (! (IS)/. 4) is dclincd liy 
the distance x. When tile crank angle is t) the value 
of x is 

x .()« | (f< ’ R cun 0 | I.ee i tft, , (•>) 

Eliminating </> by means of the relation It sin It ■ 
L sin (/> and differentiating twice with regard to the 
time, remembering that tlVl/tlP, the acceleration of 
the crank, is assumed to lie stern, the acceleration is 
found to he 


A« 


.. f 

w it J COM 0 


H I*” com 2d | U" Min* 0 | 
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The instantaneous value of the force is then MA and 
the reaction on tile frame is MA, 

The force is seen from this expression to 
vary in a complex manner. A way of pro* 
duffing an exactly equal and opposite reaction 
on. the frame to balance this is sketched in 



Fta. «, 


hig. 5. A mass 0j, equal to the mass (1, is 
made to slide by a connecting rod Ait!., equal 
in length to ,A(J. For this arrangement to 
work there would be three crank* on the 
shaft: tli© centre one OA, and two outer ones 
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in tile direction OA^. The mast) 0^ would 
then be driven by two connecting rods, 
together equal in mass to the rod AC. The 
reciprocating masses of an engine constructed 
in this way would be in perfect balance. 

In an actual engine the accelerating force 
is derived from the fluid pressure in the 
cylinder. The pressure on the piston has to 
produce the acceleration of the piston and 
rod and to transmit forco to the crank pin 
through the connecting rod. The force there¬ 
fore transmitted to the crank pin is the 
difference between the total force on the 
piston duo to tho steam pressure and that part 
of the forco which has been employed in giving 
motion to the piston. After about the middlo 
of the stroke, however, whore tho acceleration 
changes sign, tho pressure on the crank pin 
is greater than that duo to the total fluid 
pressure by tho retarding forco, which must 
bo applied to the reciprocating masses by tho 
crank pin. 

The acceleration 1 can bo found graphically. Ben¬ 
nett’s construction, given to the author by G. T. 
Bennett, D.Sc„ of Emmanuel College, Cambridge, 
in 1!)02, is convenient for this purpose, and is as 
follows: 

First (Fig. 6) find a point B on tho connecting 
rod so that ABxBC=AO a . This point is found by 



drawing a perpendicular from 0 to the rod when the 
oranlc is at right angles with tho line of stroke. 

Then sot out the mechanism with tho crank at 
an assigned angle 0. From B draw BS perpendicular 
to the rod. From S draw ST perpendicular to the 
lino of stroke. From T draw TE perpendicular to 
tho rod. Then EO represents the acceleration of 
the mass 0 to tho scalo on which AO represents tho 
radial acceleration of tho eranlc pin. Tho accelera¬ 
tion of 0 is therefore Mw a R(EO/AO) ft. per second 
per second. 

Tho construction is exact and gives tho same 
value for the acceleration as that which is calculated 
from expression (3). Tho proof of tho construction 
is found from equation (1) by eliminating (f> instead 
of 0, It is given in Dolby’s Balancing of Engines? 

Tho expression found in (3) is intractable. An 
approximation of great utility in practice is found 
by putting cos (/> = 1 —(R a 2/L a ) sin 2 0 in tho process 
of eliminating cp from equation (2). The resulting 
expression for x differentiated twice then, gives 
for the acceleration 

A=— w a R(oosd-|y cos20), . . (4) 

As close an approximation to the true expression 

1 See also “ Kinematics of Machinery,” § (3) (iv.). 

s The Balancing of Engines, W. E. Dalby, Edward 
Arnold, London, 1906. 


(3) as may be desired can be made by expressing 
A as a Fourier series. 

The general expression then becomes 

A= — w 2 R (cos d+Aj^cos 20 — B cos 40 

+0 cos 6 6 .. .) 

in which A x , B, and G have the following values, o 
being tho ratio R/L, 


15 c B 
' 128 


B = 


o a 



8c 5 

16 


c ]28 . . . 

Seo for details a paper by Mr. J. ET. Macalpine in 
Engineering, Oct. 22, 1897. 


(iii.) The Motion of the Connecting Rod ( Fig. 7). 
-Tho end A, called the big end, is compelled 



to move in a circle. The end C, called the 
small end, is compelled to move in a straight 
lino. 

The dynamical problem is, assuming the 
rod to he freed from its connections, what is 
the instantaneous force which must be applied 
to tho rod to cause it to move the one end in 
a circle with uniform velocity, the other end 
in a line passing through the centre of this 
circle (Fig. 7). 

Tho answer to this problem depends upon 
the mass of the rod and the way the mass 
is distributed, and on tho speed. 

There are two important mass points 
which must be located before the solution 
can be found. These are the mass centre 
and the centre of percussion relative to the 
small end of tho rod. 

The mass centre is found by balancing the 
rod on a knife edge. 

The centre of percussion H (Fig. 8) relative 
to the small end is found by suspending the 
rod so that it can oscillate about the small 
end, and then adjusting a plumb bob to 
oscillate in time with it. The length of the 
simple pendulum formed by the hob and its 
string is the distance from the small end to 
the centre of percussion required. 

The following construction then gives 
the force corresponding to a given crank 
angle. 
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Draw the mechanism in the configuration corre¬ 
sponding to tiie given crank angle (Fig, 9). 

Apply Bennett’s geometrical construction to find 
EO, the acceleration of the end 0. Join EA. 

EA is called the acceleration image of the rod. 
It has this property. Regarded as the connecting 
rod on a smaller 
scale, A being the 
big end and E the 
small end, the line 
joining any point 
on it to 0 repre¬ 
sents in magnitude 
and direction the 
acceleration of the 
corresponding point 
on the actual rod. 
Let V be the mass 
centre, and H the 
centre of percussion 
of the rod about 0. 

Draw Vv parallel 
to the line of stroke 
and join v to O; 
then vO is the 
magnitude and 
j Pia. 8. direction of the 

acceleration of the 
mass centre to the scale on which AO is the 
acceleration of the crank pin A. 

The magnitude of the accelerating force is then 
vO 

Mw%lV=r. 

AO 

It remains to find its position. 

Draw HA (Fig. 9) parallel to the line of stroke and 
join A to 0. Through H draw a lino parallel to AO 
cutting the line of stroke in J. J is then a point in 
the line of action of the force. But its direction is 
given by vO. 

Therefore through J draw a line parallel to vO. 
This is the line of action of the force R, which is 
competent to produce the motion of the connecting 



rod at the instant the crank is passing through the 
angle 8. 

This force varies in magnitude and direction as 
the crank angle varies. 

The force R is equivalent to an equal and parallel 


force R acting at the mass centre V. and a couple R«. 
The force R at the mass centre produces the linear 
motion of the rod, and the couple lift produces the 
angular motion of the rod about its mass centre 
V. The combination of this linear and angular 
motion produces the actual motion. 

The proofs of these propositions and constructions 
are given in detail in Dalby’s Balancing of Engines, 

The next stop is to find the frame reactions. 
Force can only bo brought on to the rod at 
its ends. There is the pull from the crank 
pin and the reaction at the slide bars. 

Neglecting friction the reaction at the slide 
bars can only bo at right angles to tho lino of 
stroke. 

Therefore at 0 (Fig. 10) sot up a perpendicu¬ 
lar to the line of stroke to moot R produced 
in S. Join S to A. 

Then if ST represents the force R, the 
component ST* represents the force which 
must bo brought upon the small end of the 
rod by tho slide bars, and the component 
ST 2 tho force which must be brought on to 
the big end by tho crank pin. Those two 
components together produce tho actual 
motion of tho rod. 

The crank-pin component transferred to 
the crank shaft gives the couple HT 3 x b, and 
the equal and parallel force ST a acting from the 
frame to tho shaft. 

Tho couple modifies the turning moment 
on tho crank. 

The frame reactions are shown by dotted 
lines in tho figure. 

The final result is then that the motion 
of tho connecting rod involves forces on the 
frame like those shown, changing in magnitude 
from instant to instant, but passing periodic, 
ally through tho same values. These forces 
tend to cause vibration of the frame. 

Tho connecting rod could be balanced 
exactly by tho method already illustrated 
in Fig . 6. With this arrangement providing 
that the rods on tho right are equal in weight 
to the rod on tho loft and similar in form, the 
resultant of tho forces on the frame consequent 
upon tho motion of the rods on the right 
is exactly equal and opposite to tho resultant 
of tho forces on tho frame consequent upon 
the acceleration of the rod on the left. 

The forces wax and wane and change their 
directions in exact unison, so that they 
neutralise one another from instant to instant, 
and the frame itself, although under the stress 
produced by these forces, is never under the 
action of an unbalanced force and therefore 
has no tendency to vibrato. 

In practice it is usual to eliminate the 
effect of_ tho rod by treating the problem as 
though its mass were divided between the 
crank pin and the reciprocating masses in¬ 
versely as the mass centre divides tho rod. 

The share assigned to the crank pin is then 
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balanced as part of the revolving masses; 
that assigned to tho reciprocating masses is 
balanced with the reciprocating masses. 

Considered as a system of two masses the 
frame forces produced are not exactly tho 
same as the frame forces produced by 
the actual connecting rod, hut while it is 
impossible to balance tho rod except by 
another rod in tho way shown, it is possible 
to balance these divided masses with ordinary 
balance weights with sufficient accuracy for 
most practical purposes, 

§ (*I) 'J’hk Ok ntki ij’uo An Coirruo. — Refer¬ 
ring to .Fig. 3 it will bo seen that the mass M 
is balanced by the mass m placed diametric¬ 
ally opposite to it. 

Lot i’i'f/. 11 be tho side view of a shaft carry- 
a mass M at radius R, and for the moment 
suppose it to bo supported on a pair of parallel 


257 


in one plane, and this plane confine +i 
of the shaft. ^ contains the axis 


M 



knife edges at B, and B a . If the balance 
weight m is placed opposite M at radius r 
Hindi that M It ~~wtr, but at a distance A along 
tlm shad, as shown in Fig. 11, and this is 
usually ntHJOHBttry in praetieo, it will still be 
found to balance M when tho shaft is at rest. 
Tin* Hindi, will stand in any angular position 
on tho knife edges. It will bo in perfect 
static balance. If now the shaft is put in 
bearings, say, at B A and IS-, its revolution will 
set up vibrations, 

Although it is in statio balance it is not 
m running balance. The disturbance is now 
produced by the couple formed by the reaction 
of M on the shaft, giving a force Mvo-R, and 
by tlm equal and opposite reaction mw u r on 
tho shaft,, these two reactions being separated 
by the distance «. This couple tends to turn 
tire system about an axis perpendicular to 
the plane containing the forces, 

The distance A between the forces is called 
tho A km of the couple, and tho product of 
one force into tho arm is called tho Moment 
of tho couple, 

Tho couple is called the centrifugal couple, 
beoauBa its forces ara the oantrifttgal forces 
caused by tho rotation of masses. 

A couple can only be balanced by an equal 
turd opposite couple acting in its plane. That 
is, the four forces of. tho pair of couples lie 
VOL. i 


It may be balanced by a couple M B 
the quantities being taken so that 1 15 


MjRjR^MRA. . /J) 

These couples must act so that they tend to 
prodixce rotation in opposite directions. 

ein. count R 168 “ Fig ' 11 show a ^alan- 
cm p coupJe. If masses, radii, and the arm B 

satisfy the equation above, and if in addition 
M R ^ and MR = nir. then it wffi be 
found that the shaft may he driven at anv 
speed and there will be no vibration. 7 

At the same time the shaft will stand in 
any angular position on the knife edges The 
masses disposed round it satisfy in fact two 
separate conditions. 

Ilioy are in static balance, and they are also 

m running balance. Static balance impts 

that the mass centre of all the masses lies on 
the axis of revolution of the shaft. 

Running balance implies that the centri¬ 
fugal couples of all tho masses form a system 
m equilibrium. ^ 

, J W Pra ct.i:c!al Peoblem.— The prob¬ 
lem of balancing an engine presents itself 
m practice in tins way. An engine is designed 
to fulfil conditions of power, speed, and 
arrangement, and the result is a crank shaft 
driven from a number of cylinders. Usually 
tho lines of stroke of the cylinders are con- 
tamed m one plane, and this plane contains 
the axis of the crank shaft. If there are n 
cylinders, then there are n piston masses, n 
cranks, and tliorefore n revolving masses 
and also n connecting rods. The accelera¬ 
tions of each of those systems of n masses 
causa frame reactions. 

t mentioned above, tho connecting rod 
ib eliminated from the problem by distribut¬ 
ing its mass between the revolving and the 
piston masses. 

There are now two balancing problems: 

(.1) To balance tho revolving crank shaft 
masses. 

(2) To balance the reciprocating piston 
masses. 

Both fall under one method of solution. 

§ (5) Solution oir the Balancing- Prob¬ 
lem. 1 The initial problem to be solved may 


solution, by Professor Dalby was first pub¬ 
lished in 1809. It is contained in a paper entitled “ The 
balancing of Engines with special reference to Marine 
Work/’printed in the Transactions of the Institution of 
Naval Architects, 1899, xli. In this paper will be found 
applications of the method to the balancing of torpedo- 
boat engines, including with the pistons the recipro¬ 
cating slide valves as well. The development of the • 
method to include primary and secondary balancing, 
the balancing of locomotives, and the treatment of 
many problems arising out of the dynamical condi¬ 
tions Involved will bo found in The Balancing of 
Mngines, by W. E. Dalby, mentioned above. 
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be stated in this way. 
shaft "with a number of masses attached to 
it, find the balance weights which must be 
added to secure static and running balance. 

Solution .—Select a plane at right angles 
to the shaft in which it is intended to attach 
one of the balance weights. This plane is 
called specifically the Reference Plane. 
The reference plane may be regarded as a 
definite plane like a drawing-board, keyed to 
and revolving with the shait. 

Transfer each centrifugal force Mw 2 R in 
turn to this plane. Each force transferred 
gives rise to 

(1) an equal and parallel force, Mw 2 R = F, 

acting in the plane ; 

(2) a couple Fa, where a is the distance 

through which the force is trans¬ 
ferred. 

The transference of one force to the refer¬ 
ence plane is illustrated in Fig. 12. Hero the 



rotation of the mass M produces the centri¬ 
fugal force Mu ,2 R=F on the shaft, and this 
transferred to the reference plane gives the 
equal and parallel force F and the couple 
Fa. 

For, introduce two equal and opposite 
forces F at the point 0 in the reference plane. 
Then these forces being in equilibrium thorn- 
selves do not affect the equilibrium of the 
system. The three forces, F from the mass M, 
and F and - F introduced at 0, may then be 
analysed into the equal and parallel force F 
acting at 0 in the reference plane and the 
couple Fa. 

Draw a line OA parallel to the radius to 
M to represent the couple Fa. Its length 
OA is chosen so that OA=Fa and its sense 
is marked off according to the direction in 
which the couple tends to turn the shaft 
about 0. 

That is, its sense will be from 0 outwards 
in the radial direction of the mass for ail 
masses on the right of the reference plane, 
and from 0 in the direction opposite to the 
radial direction of the mass for all masses 
to the left of the reference plane. 

Also draw OB to represent the force. 

Then every mass M revolving with the shaft 


will give rise to two vectors in the. roforonoo 
plane, a force vector like OB pointing always 
in the radial direction of tho mass, and a 
couple vector OA pointing in tho radial direc¬ 
tion settled as above. 

The next stop is to find the resultant of 
the couples. For this purpose sot tho couple 
vectors put in any order to form a polygon. 
If the polygon closes, thou there is no un¬ 
balanced couple. If it does not close, tho 
vector required to close it gives in magnitude 
sense and direction the couple required to 
balanco tho couples about O. 

The couple closure, as this lino is called, 
is the product of four quantities, namely, w a , 
an unknown mass M acting at a convenient 
radius R from the shaft and in a piano at a 
convenient distance d from tho reference 
plane, and is equal to M IWA. 

Select a plane at a distance (l from tho refer¬ 
ence plane where a balance weight may bo 
conveniently introduced. 

Select a radius R at which it is con¬ 
venient to place tho balance weight in this 
plane. 

Finally calculate the magnitude of the 
balanco woight from tho equation 

Couple closure 
. <*R«».“* 

The angle at which the radius stands in 
relation to the other radii on tho shaft is 
given by tho direction of tho closure lino in 
tho polygon. 

Then add this balance weight to the system, 
and transfer it to the reference piano as before, 
thus adding one more force to tho system 
already there. Tho couples now balance. 

Then sot out the force vectors in any order 
to form a polygon. If this force polygon 
closes, then there is no unbalanced force. If 
it does not close, the vector required to close 
it gives in magnitude sense and direction the 
force required to balance the forces acting 
at 0. 

Tho force closure is the product of three 
quantities, namely, a mass, a radius, and or. 

Select a radius at which it is convenient to 
place the balance weight in the reference 
plane, and then calculate its magnitude from 
the equation 

Force closure 

Mass-™ .. 

IW 

The angle of the radius to the balance weight 
is given by tho direction of tho closure in tho 
polygon. 

o 2 , boing constant for all masses, may have 
any value in working out tho solution. There¬ 
fore call it unity. 

Tlxo addition of tho balance weight in the 
reference plane to balance tho forces there has 
no effect on tho balance already produced 


Given a revolving 
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between the couples. Because a force acting 
at 0 has no moment about O, and can there¬ 
fore be added or removed without introducing 
a couple into the system. 

This is tilt) essence of the solution. The 
couples are balanced first, and then the forces 
are. balanced without disturbing the balance 
between the couples. 

It is easily shown that if the forces and the 
couples aro. separately balanced about any 
ono point along tile shaft they aro separately 
balanced about every point along the shaft. 
Therefore, aftor the balance weights have 
boon found by the method explained, and 
have boon added to the system, it will be 
found that both the eoupio and the force 
polygons will close for any position of tho 
reference plane along the shaft. 

Tim balance weights found are independent 
of tho position chosen for a reference plane. 

This property enables the work to be cheeked. 
Having found tho balance weights as described, 
include them in tho system, and thou select 
a reference plane at a now place along tho 
shaft. 

Ignoring tho knowledge that tho system is 
balanced, proceed to find balance weights. 
It should bo found that both force and couple 
polygon close, showing that no balance weights 
aro required. If the polygons do not dose, 
there has been some error in tho original 
determination of tho balance weights. This I 


sirs xr ■» *•— 

^•Arrange the data in the way shown in Schedule 


Column 1. Write in the numbers of the planes of 
revolution. 

Column 2. Write in the distances of these planes 
from tile reference plane. 

Column 3. Write in tho values of M, the mass at 
common radius R This mass is equi¬ 
valent to the centrifugal force when 
w a K = l. Tho column is therefore 
■ headed Force. 

Column 4. Write in the jiroduets Ma calculated from 
the figures in columns 2 and 3. This 
product is equivalent to a centrifugal 
couple when w a R = l. The column is 
therefore headed Couple. 


Schedule 1 


No. (if 

Distance 

Fener. 


Plane or 

at Plane 

Equivalent Mass at 


No. of 

from 

Common Radius, 

Collide when 

Crank. 

Reference 

or Contrifuffal Force 

0J2R=1. 

____ 

Plano. 

when 01111=1, 


No. 1 

a. 

0 

M. 

Unknown bal. wt. 

Ma. 

0 

No. 2 


(144 pounds) 


3' 

17 

51 lbs.-ft. 

No. 3 

O' 

IS 

135 „ 

No. 4 

12 / 

7 

84 „ 

No. 5 

_ 

r 

Unknown bal. wt. 
(11*9 pounds) 

83 = closure. 



chock on the accuracy of tho work is a valuablo 
element of the Dal by Solution. 

§ ((}) Example.-- hot there be three mosses—M a » 
17 pounds, M 8 »16 pounds, and M,,--7 pounds— 
attached atoommou radius JR, to tho shaft SS (Fig. 13) 
spaced along the shaft as shown, and spaced angularly 
around tho shaft as defined in the end view of tho 
shaft (Fig. 13). 

Tho mass centre of eaoli mass revolves in a plane 
to which the shaft is perpendicular. 

Lot tho problem be to balance these throe 
masses by two balance weights, tho one being 
placed in tho piano No. 1 and the other in tho 
plane No. 5. 

Choose tho reference piano to coincide with the 
plane of revolution of ono of tho balance weights. 
Wo may therefore choose either plane No. 1 or piano 
No. 5. Let us choose plane No. 1. Then write on 
tho drawing tho distance of each plane in which a 


Next sot out tho couple vectors of column 4 in tho 
Way bIiowii in Fig. 14. Choosing any convenient 
scale, draw 


AB*= 51 and parallel to radius 2 (end view,Fig. 13), 
,BO»-T35 and parallel to radius 3. 

CD » 84 and parallel to radius 4. 


DA tho closure, measuring 83, is the couple required 
to produce balance amongst the couples. 

Tho balance weight in plane 5 is calculated from 

(Rw«-1), 


, Couple closure 83 
aRw* "T 


11*9 pounds. 


Tho angular position of the radius of this balance 
weight is defined in relation, to the others by drawing 
radius 5 in tho end view parallel to the closure of 
the couple polygon. 
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This mass is now entered in the schedule as 
indicated. 

There are now four forces acting at 0 in the 



reference plane. Starting from any origin, sot out 
t Fig. 15) 

ab = 17 parallel to radius 2 (end view, Fig. 13); 
la—13 parallel to radius 3 ; 
cd= 7 parallel to radius 4 ; 
de — 1T9 parallel to radius 5. 


ea, the closure measuring 14'4, is the balance weight 
at common radius required to balance the forces 
at 0. The angular 
position of the radius 
of this balance weight 
is defined in relation 
to the others by 
drawing radius 1 in 
the end view parallel 
to the closure of the 
foroe polygon. 

These two balance 
weights added to the 
system in the planes 
specified, and in the 
angular positions de¬ 
fined in the end view, 
produce a system of 
five masses in both 
static and in running 
balance. Tho shaft 
can bo driven at any 
speed when held in a pair of bearings placed any¬ 
where along the shaft without producing vibration of 
the supports. 

Whatever value be given to w»R it will be the same 
for each mass, and therefore will not make any 
difference in the balance weights found. 



Force Polygon 


Tig. 15. 


§ (7) Deductions from the Force and 
Couple Polygons. —The balance of a system 
of n revolving masses may be tested by 
selecting a reference plane at any point along 
the shaft and then following the method 
above. Unless the plane has been selected 
to comcide with one of the planes in which a 
mass revolves there will be in the reference 
plane, after the transference of the forces to 


it, n couplo vectors, and n forco vectors. If 
the masses arc in balance the couple vectors 
set out in any order will form a closed polygon 
of n sides; and tho forco vectors soli out in 
any order will form a closed polygon of n 
sides. Corresponding sides of thesis two 
polygons are parallel, but the ratio of the 
lengths of a pair of parallel sides is different 
for each pair. Tho ratio of a pair is in faeb 
tho distance a from tho reference piano of 
tho mass whose forco and couplo are respect¬ 
ively represented by the pair of parallel 
sides. 

Tho balancing of n masses amongst them¬ 
selves is thus conditioned by these geomotrieal 
properties of the force polygon and the couple 
polygon. 

If, when tho vectors are sot out, it should 
be found that the force polygon closes, but 
tho couple polygon does not close, then the 
masses are in static balance, but are not in 
running balance. There is no unbalanced 
force, but there is an unbalanced couplo 
causing reactions on tho frame. 

A fow important practical limitations can 
at once be deduced from those polygons, 

(a) Three masses carried on throe arms 
spaced along a shaft can only mutually 
balance if tho arms are in one plane, a plane 
containing the axis of the shaft. Seen in 
end view the arms would all lie in a diameter. 

For it is only possible to draw two polygons 
of three sides each, with corresponding" sides 
parallel, and tho ratio of the lengths of each 
parallel pair different, if the polygons close 
into a line. It follows that the arms carrying 
tho masses must bo in a line so that the middle 
arm is at 180° with tho two outer awns. 

Therefore a crank shaft with throe cranks 
at 120° cannot be designed so that tho masses 
mutually balance. If the masses are equal, 
the force polygon closes and static balance 
is obtained. But in those conditions tho 
couplo polygon cannot be closed. 

To balance three masses set at angles with 
one another a fourth mass must be added to 
the system ^ equivalent to a fourth crank. 
The system is then equivalent to four masses 
on four cranks. 

( b ) Four masses on four arms spaced along 
a shaft can in general be balanced amongst 
themselves, because a pair of polygons can 
be found in which corresponding sides are 
parallel, and in which the ratio of the lengths 
of each parallel pair is different. 

(c) But four masses spaced along a shaft 
on four arms set at 90“ with each other 
cannot be designed to balance. M the four 
masses are equal the forco polygon closes and 
there is static balance. But with the angles 
all right angles the couple polygon cannot bo 
made to close. 

Therefore a crank shaft with four cranks 
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sot at 90° with each other cannot bo designed 
so that the masses balance. Balance can only- 
bo obtained by adding a fifth mass to the 
system equivalent to a fifth crank. The 
system is then equivalent to five masses 
on five cranks, but with the condition that 
four of the cranks are mutually at right 
angles. 

Many other useful conditions can be deduced 
from the geometric properties of the forco and 
couple polygons. 

§ (8) The Balancing- oe a Rotor. —The 
rotor of a stoam turbine is truly turned, and 
the blading is symmetrical. At first sight it 
would appear that there ia here no balancing 
problem, because so far as constructional skill 
can go the mass centre of each elementary 
disc, of which the length may be imagined 
to be made up, lies in the axis of rotation. 

But owing to slight variations in density, 
and in the symmetry of the blading, the mass 
centre of each elementary disc is in general 
slightly displaced from the axis- of rotation. 
Although these displacements are slight the 
speed at which the rotor is driven involves 
accelerating force® which are largo enough to 
cause vibration. So that", after all, there is a 
rotor balancing problem, and a difficult one, 
because the displacements of the mass centres 
of the elementary discs cannot be identified 
by any method of weighing or measurement. 

The problem is in fact similar to that which 
would be presented to a designer asked to 
work out the balance weights for a totally 
enclosed reciprocating engine, with access to 
the parts doniod. All he would see of the 
moving parts would bo the ends of the crank 
shaft projecting through the bearing at each 
end, and all ho would know of them would 
bo that their motion produced vibration. 

Similarly, all ho can see in a rotor is an 
apparently truly turned mass, symmetrically 
bladod, and all he knows of it is that when 
driven it produces vibration. 

Ho might by imagination conceive the rotor 
to bo made up of a series of elementary discs, 
but the position of the mass centre of each 
disc would he hidden from him without 
possibility of discovery. 

Mr. King Salter, in a papor to the Institution 
of Naval Architects read at tho spring meeting 
of 1920, has described an ingenious method 
of solving the problem. 

The rotor to ho balanced is placed in 
bearings and is driven by a motor. Being 
unbalanced it produces a reaction on each 
bearing. Those reactions are separately 
measured in tho horizontal direction. Let 
R x and R a be the respective maximum reac¬ 
tions measured in the apparatus when the 
rotor is driven at w revolutions per second, 
Then each reaction may be regarded as pro¬ 
duced by a mass M attached to the rotor at 


radius r. So that the maximum horizontal 
reaction at each bearing is expressed by 

R 1 =M 1 w a r 1 ,. 

R 2 =M»0J 2 } - .), . 


from which 


(1) 

( 2 ) 


M, 


M 0 = 


A 

w 2 r x 

K2 

wV„ 


(3) 

(4) 


Mi and M 2 can be calculated from (3) and (4) 
because w 2 is observed, and r may be put equal 
to unity or to any convenient constant length. 

Tho next part of the problem is to find the 
angular position of the radii r t and ?•„. This is 
done by the apparatus described in the paper. 

The rotor, with its hidden system of un¬ 
balanced masses, may now be replaced by 
a shaft with two known masses attached to 



it at known angular spacing as illustrated in 
Fig. 17. Fig. 16 shows the rotor and the 
centre line of the bearings at which the 
reactions are measured. Fig. 17 shows the 
equivalent unbalanced system of two masses 
as determined in Mr. King Salter’s apparatus. 

The two planes in which balancing masses 
are to be placed are now fixed upon. One 
is chosen as a reference plane, and then the 
solution of § (5) is applied to find the actual 
magnitude and position of the balancing 
masses to be placed in the two respective 
planes. The arrangement is shown in Fig. 18. 

The usual shop method of balancing a rotor is to 
place it on a pair of level and parallel knife edges 
and then add balance weights until it will stand in 
any angular position on these knife edges. This pro¬ 
cess ensures static balance but not running balance. 
The unknown unbalanced couple cannot be esti- ^ 
mated from experiments on parallel knife edges. 
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and in practice the projier distribution of balancing 
masses to secure running balance is done by trial 
and error. After static balance is secured the rotor 
is driven up to speed, and if the couple is sufficient 
to produce disturbance the weights added to secure 
static balance are distributed so that the running 
balance is improved without interfering with the 
static balance. Considerable experience is required 
to get this done satisfactorily. It is advisable to 
test the balance of a turbine rotor in steam so that 
the rotor and its blades have expanded to the 
positions they occupy at the normal running tem¬ 
perature. 

A full description of Mr. King Salter’s apparatus 
will be found in the paper cited above. Briefly it 
consists of a substantial bed with a bearing at 
each end. Each bearing can slide horizontally 
through a limited distance, but is prevented from 
doing so by a spring screwed up against it. When 
a trial of a rotor is being made the spring is com¬ 
pressed against the bearing so that it just prevents 
it moving. The strength of the spring is known, 
so that the maximum force acting horizontally on 
the bearing in the direction of motion can be observed. 

On each end of the rotor is placed a spider or 
flange, carrying on its periphery a number of radial 
spokes like the spokes on a steering wheel, but with 
this difference, that they are free to slide inwards 
radially, but once pushed in they cannot come back, 
being held by a spring. When these spiders have 
been keyed on the end of the rotor, all spokes out 
to the limit allowed, the rotor is driven at the 
testing speed by an independent motor, and this 
motor is then disconnected. The bearings are then 
slightly relieved so that the rotor can move hori¬ 
zontally under the unbalanced forces. A kind of 
brake shoe is then gradually approached to the 
spokes and pushed on to them until the ends are 
running in a circle. The rotor is then brought to 
rest, and an examination of the spokes shows the 
particular radius corresponding to the maximum 
horizontal displacement, and therefore to the 
maximum value of the force on the corresponding 
bearing. 

The displacement of the mass centre of a 
rotor and the angular position of the plane 
containing the mass centre and the axis of 
the rotor can be found by direct weighing in 
the Martin rotor balancing apparatus. The 
method and the apparatus are described in 
Engineering, December 31, 1920. By the 
aid of this apparatus a static ’balance of 
great accuracy can be. obtained. For many 
rotors static balance may be sufficient, as for 
the thin disc-like rotors of gyrostats. If the 
static balancing of a rotor is found to be in¬ 
sufficient, its dynamical balance can be tested 
and secured by tlie aid of Mr. King Salter’s 
apparatus. 

§ (9) Four Masses. Special Construction. 
—Four masses may be set together in mutual 
balance m an infinite variety of ways For 
an infinite number of pairs of four-sided force 
anc couple polygons can be drawn at random 
to satisfy the geometrical conditions mentioned 


There is a simple construction, duo to 
Dr. Schubort, and published, by the Hamburg 
Mathematical Society, 1898, which gives tlio 
spacing along the shaft, the angular positions, 
and the masses for mutual balance amongst 
four masses. 

Let the spacing of the cranks along the 
shaft SS be given as indicated in Fig. 19. 
Choose any polo 0. Join points 1, 2, 3, 4, 
with this pole. 

Take any point A on 01, and through it; draw 
a fine AB parallel to the shaft SS, and a lino 
AC parallel to the lino 03. 

Through B draw a lino BG parallel to the 
line 02. 

Then OACB is tlio force polygon correspond¬ 
ing to the position of the pole O and the crank 
spacing given. 

This force polygon defines bv the lengths 


O 



of its sides the relative magnitudes of tho 
masses, and by the directions of its sides the 
positions of the cranks. 

Thus in tho end view draw crank Sa parallel 
to tho side OA; Sc parallel to tho side AO; 
So parallel to the side OB, and So parallel to 
the side BO. 

If now tho system bo tested it will bo found 
that tho couple polygon is closed. The proof 
of this will bo found in Dalby’s Maucrnj 
of Engines, 2nd edition, 1900, p. 00. 

Hie construction may bo varied in many 
ways. For example, the angular position of 
the cranks in end view may bo drawn at 
random. . Then select any polo O and draw 
linos radiating from it parallel to tho crank 
directions. Then draw across tho rays a 
line SS, and the intersections define the spacing 
along tho shaft. 

Then draw a line as AB parallel to the lino 
Sb and finish the force polygon. Tho sides 
then define tho magnitude of the masses, 

§(10) The Balancing o.e Riser.’R ooawng 
Masses.—W o have now to consider tho 
balancing of the reciprogating masses of a 
multi-cylinder engine of the type where tho 
centre lines of the cylinders lie in a plane con¬ 
taining the axis of the crank shaft. 

In the marine type the piano is vertical. 
In the ordinary land type the plane is usually 
horizontal, though often vertical. In the 
V engine the plane is inclined, and there are 
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two systems of parts to be separately balanced, 
one sot in each inclined plane. 

The frame reaction caused by the recipro¬ 
cation of a mass M by a crank turning with 
uniform velocity is given by equation (3), § (2). 

A way of producing an exact equal and 
opposite reaction on the frame is described 
and illustrated in Fig. 5. 

This construction is, however, excluded from 
the problem beforo us. 

An expression giving values close to the 
values from (3), and derived from equation 
(4), § (2), is 

]?=M S R cos 0 + M(2w) a .£cos20. . (1) 

The first term of this expression is the pro¬ 
jection on the line of stroke of the centrifugal 
force due to the rotation of the mass M at 
radius R and at speed to. 

The second torm is the projection on the line 
of stroke of the centrifugal force due to the 
rotation of a mass M at radius R 2 /4L and at 
speed 2w. 

The greator tiro length of the connecting 
rod in relation to the crank radius the smaller 
the second term. 

In the limit, when the rod is infinitely long, 
the second term vanishes. The crank and 
slotted bar mechanism partly realises this con¬ 
dition. The ratio of rod to crank is often large 
enough to make this second term negligibly 
small. In locomotives tlie ratio of rod to crank 
may bo 7 to 1, and oven more. But in some 
kinds of marine engines it may bo only 31 to 1. 
The second term then becomes important. 

When the second torm is ignored in the 
balancing the engine is said to be balanced for 
Primary Pomes and Primary Couples only. 

If, however, the second term is included 
in the problem, the engine is said to be 
balanced for Primary and Secondary 
Forges and Couples. 

(i.) Primary Balancing. —- Since the term 
Mw 2 R cos 0 is the projection on the lino of 
stroke of the centrifugal force produced by 
tho rotation of a mass M, the conditions of 
primary balance aipongst n reciprocating 
masses are tho same as those for n revolving 
massos, and may bo investigated by assuming 
that each mass is attached to its own crank 
pin, so that tho n reciprocating masses are 
replaced by n revolving masses. For if a 
polygon is closed, then the projections of tho 
sides on any lino are algebraically equal to 
zero. In other words, if tho conditions of 
balance for the revolving massos are satisfied, 
so too are the conditions for tho equivalent 
reciprocating masses. The Dalby Solution of 
§ (5) may then be applied without change to 
find tho balance weights of the substituted 
revolving system, and the balance weights 
found reciprocated in the cylinder plane will 
balanoe the reciprocating masses. 


The example of § (6) may bo restated thus. The 
reciprocating masses of a three-cylmder vertical 
engine weigh respectively M 2 = 17 pounds, M., = 15 
pounds, M 4 = 7 pounds.' These masses are recipro¬ 
cated by cranks spaced along and around the crank 
shaft, as defined by Fig. 13. Pind the reciprocating 
balance weights. The answer is (see Schedule 1), 
14-4 pounds reciprocated by crank No. 1; 11-9 
pounds reciprocated by crank No. 5 ; the lines of 
reciprocation lying in the plane containing the centre 
lines of the cylinders. 

Tho masses may be designed as lumps of metal 
reciprocated in properly lubricated guides on the 
engine frame. They would then be called Bob 
Weights. 1 Tlio engine would be described as a 
tin co-cylinder engine m which the reciprocating 
masses, that is the piston masses, were balanced by 
a pair of bob weights. 

Each balance weight may, however, he designed 
into a set of piston masses and added complete with 
cylinder and valve gear to the engine. Then the 
engine would be described as a five-cylinder engine 
with tho piston masses in balance amongst them¬ 
selves. 

The problem of balancing an engine, aa 
stated in § (4), involves the separate solution of 
two problems. First find the reciprocating 
balance weights, and add them to the engine 
either as bob weights or as pistons. Secondly, 
find the balance weights for the revolving 
system of tho crank shaft and add them to 
the crank shaft. 

Each of these problems is separately solved 
by the application of the method given in § (5). 

The deductions of § (7) apply equally 'to 
systems of reciprocating masses. It follows 
that the fewest number of cylinders in which 
tho pistons may be set in mutual balance is four. 

Much has been written about the balancing 
of four-cylinder engines.- In practice, however, 
even for primary balancing, the valve gear must 
often be included to get the best results. In 
particular a four-cylinder toipedo-boat engine 
becomes with its valve gear a problem in 
balancing twelve lines of parts. There are 
some subsidiary problems involved in the 
complete solution, for which see the worked- 
out example in Dalby’s Balancing of Engines. 

(ii.) Secondary Balancing. —Since the second 
term of equation (1) above gives a force which 
is the projection on the line of stroke of a mass 
M revolving at twice the speed of the main 
crank at radius R 2 /4L, the condition that the 
secondary forces shall balance is that the 
corresponding force and couple polygons shall 
close. A schedule is made, as illustrated in 
Schedule 1, and the work is carried out as in 
§ (5), but with this difference: the end view 
of the shaft must now show all the crank 
angles doubled. 

Balancing to satisfy the conditions of equa¬ 
tion (1) is therefore conditioned by the closing 
of four polygons, namely, a primary force 

1 " On the Balancing of Marine Engines,” Sir 
Alfred Yarrow, Trans. Inst. Naval Architects , 1892. 
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polygon, a primary couple polygon, a secondary 
force polygon, and a secondary couple polygon. 

Given an engine, there is no difficulty in 
applying § (5) to test the primary and secondary 
balance, but it is more convenient to deduce 
the related conditions analytically. 

The following method affords a solution. 1 

The direction of a crank measured from a fixed 
line is defined by the expression x x +iy x , where 
i = \j—\. x x is measured along the fixed direction. 
y x is measured at right angles to it. Also x x -\-y x — 1. 

The direction of a crank corresponding to this,, 
starting in coincidence along the fixed direction 
and revolving twice as fast, is given by 

If M, is the mass at radius It, the corresponding 
force and couple vectors are 

Primary force— 

MjW a E 1 (a; 1 +iy I ), . ... (2) 

Primary couple— 

.(3) 

Secondary force— 

M 1 w 2 R 1 2 , „ 

—“-Vi • ■ (4) 

Secondary couple— 

M 1 w a E 1 a . „ „ 

—p. {x 1 -~y x -+i2x 1 y 1 )a v . . (S) 

Fig. 20 shows the relations of these quantities for 
one mass M,. 



With the general relation a -3 -|-// 2 1 for all ;r's and 

y’s with the same subscript.. 

Each of these eight equations has one term for 
each reciprocating mass. 

It is not possible to find a solution of any practical 
value with fewer than 5 lines of parts, that is, with 
6 terms in each line. The engine could be built 
either as a five-cylinder engine or a three-cylinder 
engine with a pair of bob weights. 

Tlio exploration of the possibilities of balance 
with engines of different numbers of cranks will bo 
found in the book cited above. 

§ (11) Tmo Yabrow Soiiuok; , Tweedy 
Marine Engine. — This is a four-cylinder 
engine with reciprocating parts balanced 
amongst themselves for primary forces and 
primary couples. 

Later a four-cylinder symmetrically arranged 
engine with the reciprocating parts balanced 
amongst themselves for primary and secondary 
forces and for primary couples was used, and 
the method of getting this balance was 
described in a paper at the Naval Architects 
in 1900 by Schlick. 

Although the eight fundamental equations 
of the preceding section cannot be simul¬ 
taneously satisfied for an engine giving only 
four terms in each equation, yet it is possible 
to satisfy the first six of them with four terms 
per equation. Thus a four-crank engine can 
be set to satisfy the first six equations, and thus 
it can be designed for primary and secondary 
balance of the reciprocating forces and primary 
balance of the couples, but tile secondary 
couples must remain unbalanced. 

The symmetrical engine is indicated in Fig. 2.1. 

A reference plane is taken at the confetti of the shaft 


For every reciprocating mass there is a sot of 
terms corresponding to these four expressions. The 
condition that the masses may balance is expressed 
by the eight simultaneous equations : 

Primary forces vanish— 

(M^+MsK, + +)=0. 

+ +)= 0 . 

Primary couples vanish— 

(M 1 *,a 1 -fM,iB,a a + +)=0. 

(Mi?/ 1 a l -fM 2 7/ i ,a 2 + +)=0. 

Secondary forces vanish— 

(Mibcp-jq 2 ) + M^ 3 ~-|-)=0. 

(M, x 1 y 1 +M 2 x.jjr, -p -p)—o/ 
Secondary couples vanish— 

~ Vi) a x +M 2 (a: 3 2 - y 2 -) a „ + +)=0. 

(“li x 1 y l a 1 + M„ x,y„a„ -)- -|-)=0. 

ftSS;. ••«“ inwfTiS 


- — > 



REF. PLANE 

ElU. 21. 

and the cranks are spaced so that «,*■-«„. Tins 
angle 103 is made equal to the angle 1 204, and the 
mass JVq is taken equal to the mass M., With those 
assumptions, the first six equations give 

M„« Mj. and ct« «■ — 
and further a 

4, . 


where 


and 


2 SB — P • 

Jh 2 -(h 

8ft, 3 ' 


: \/P“4- Q a , 

' and Q 2 - 

4ft a 2 


M, 

2M~* 


( 1 ) 

( 2 ) 


(») 


'?, SBa ‘ ft ” d ® aaro £ ivon > is aalonlated 
from (2) and then x 2 from (I), and the ratio of the 
reciprocating masses from (3), 
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TJ 10 solution of the first six equations with four 
terms per equation is not limited to the symmetrical 
engine. 

The expressions for iwsymmotrical engines are 
complicated. Tho general solution is given by 
Lorenz in Dynamik der Kurbelgetriebe (Leipzig, 1901), 
and Professor Ingles, in a paper printed in the Transac¬ 
tions of the Institution of Naval Architects, gives curves 
from which the graphical solution can bo found for 
the proper given conditions. 

It will be remembered that in tho special con¬ 
struction given in § (9) for tho four-crank engino tho 
pole 0 can bo ohoson at random. The quantities then 
satisfy the first four of tho eight equations. There 
is one position of tho polo and one only which yields 
results whioh satisfy tho first six equations. So'hliok, 
in tho paper mentioned above, gives a geomotrioal 
construction for finding this position for tho sym¬ 
metrical engine. See also study of the problem by 
G. T. Bennett in a paper entitled “ Tho Balancing 
of the Four-Crank Engine,” read beforo tho Inter¬ 
national Congress of Mathematicians at Cambridge, 
August 1912; also a paper by Professor Inglis, 
Trans. Inst. Naval Arch., 1911, Part 1. 

Tho setting, of the four main cranks derived 
from those six equations and the resulting 
four reciprocating masses produce balance 
only amongst themselves. The valve gear 
with its heavy reciprocating valves lias 
received no consideration. In practice tho 
valve gear must be brought into the problem 
to secure the best results. A compromise 
can be made which results in perfect primary 
balance for forces and couples of all tho 
reciprocating parts, including tho pistons and 
the valves, whilst the condition for secondary 
balance of the forces is nearly satisfied. 

§ (12) Tiib Balancing op Locomotives. 1 — 
Each coupling rod is imagined to bo replaced 
by masses concentrated at tho crank pins. 
The pins share the mass of a rod in the pro¬ 
portion in which they share its weight. Then 
by § (5) may be found the angular positions 
and the masses at crank radius to balance 
the revolving masses of each axle. A balance 
weight is usually cast with tho wheel and 
is often shaped in the form of a orescent. 
Lot m be the mass of the crescent-shaped 
balance weight, excluding tho mass of the' 
spokes passing through it, and lot r bo the 
radius of tho mass centre, then by trial and 
error values of m and r must bo found such 
that mr=MR, where M is the balancing 
mass at crank radius R. 

The reciprocating masses are usually 
balanced by revolving masses placed in tho 
driving wheels. Those are combined with 
the masses required to balance tho revolving 
parts, so that the balance weight seen in a 
driving wheel is the resultant of two balance 
weights, namely, one to balance the revolving 
masses, the other to balance the reciprocating 
masses.. The balance weights added to balance 
the reciprocating masses are themselves un- 
1 “ Steam Engine, Iteciprocating,” § (8). 


balanced in the vertical direction and so 
produce a varying pressure on the rails. Lot 
W be the static load on a driving wheel, that 
is, the load measured on a weigh bridge, and lot 
in bo the revolving mass at radius r added to 
balance tho reciprocating masses, then the 
static load is alternately increased" and 
diminished per revolution by the amount 
rnuh/g pounds. Omega is hero the angular 
velocity of tho wheel in radians per second. 
It is more convenient to express tho angular 
velocity in terms of the speed of tho engine. 
Lot V be tho speed of tho engino in miles per 
hour, and D the diameter of the wheel in feet, 
then the maximum and minimum load on 
the rail can bo calculated from 

0-00012wwV a 
W +- Iv ,.- lions. 

An average typo of coupled engine would 
have W = 73, tons on tho driving wheel, and 
if the reciprocating parts were fully balanced 
tho second term may reach tho value of 4 tons 
at 00 miles per hour even on a wheel as large 
as 7 feet diameter. 

The rail load would then vary between 121- 
tons and 31 tons per revolution. This would 
be destructive to tho permanent way, especially 
to the cross girders of bridges, but tiro tractive 
puli would be oven. It is hotter from the 
Permanent way point of view to leave the 
reciprocating masses unbalanced, But if 
this is done the 4 tons variation 'appears in 
the tractive pull. In practice a compromise 
is made and it is usual to balance only § of 
the reciprocating masses, leaving t|- to vary 
the tractive pull and throwing the effect of 
§ on the permanent way. 

Having decided what proportion of tho 
reciprocating masses is to "bo balanced, pro¬ 
portionate masses are supposed concentrated 
on their respective crank pins. And since 
tho balance weights are going to bo added, 
not as reciprocating masses but as revolving 
masses, those masses can be included in tho 
schedule of the revolving mosses, and § (fi) 
applied to. find straight away tho resultant 
balance weights for the driving axle. 

When the driving wheel is small there may 
bo. difficulty in designing a suitable balance 
weight for it. The revolving balance weight 
added to balance tho reciprocating masses 
may then bo distributed between tho coupled 
wheels equally or in any proportion thought 
suitable. The balance weight then seen in 
any one of tho coupled wheels is the resultant 
of tho balance weight required to balance its 
revolving masses, and the balance weight 
required to balance tho proportion of the 
reciprocating mass transferred to it. 

This distribution of the balance weight: 
required to balance the reciprocating masses 
also distributes the hammer blow, as the 
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variation of rail load is called. For example, 
the hammer blow of 4 tons under the driving 
wheel may be distributed to give 1-3 ton 
under each of three coupled wheels. 

The reciprocating masses of a four-cylinder 
locomotive may be balanced amongst them¬ 
selves, as explained in § (10). The possibility 
is not, however, taken advantage of because 
the cranks are generally arranged in two 
180° pairs at right angles. 

It has been pointed out in § (7) (c) that this 
is the one angular spacing at which mutual 
balance is impossible. If the reciprocating 
masses are equal there is balance for the 
forces but the couple is unbalanced. This 
means that the reciprocating masses produced 
no variation of the tractive pull, neither is 
there any variation of rail pressure, so that 
there is no hammer blow. But the unbalanced 
couple acts on the engine to make it sway 
laterally. This swaying can be corrected by 
the addition of revolving masses in the driving 
wheel, but these masses, although without effect 
on the tractive pull, introduce a hammer blow. 

If the angles and masses were designed to 
secure balance there would be no variation 
of tractive pull, no hammer blow, and no 
swaying couple. Four sets of valve gear 
would be required as against the two sets 
with which the four-cylinder locomotive is 
usually operated. 

§ (13) The Balancing oe Internal Com¬ 
bustion Engines.— The petrol engine, 1 which 
before the war was used mainly to drive 
motor cars, has been developed during the 
war into a powerful prime mover for aircraft. 
Dynamically aircraft engines can be dis¬ 
tinguished into three types: 

Type A. An engine with its cylinders ranged 
in a line along the crank shaft so 
that the cylinder centre lines and 
the crank shaft axis lie in a plane. 
Type B. The V engine formed by placing 
engines of type A to drive a 
common crank shaft and arranged 
about it so that the planes con¬ 
taining the centre lines of their 
cylinders intersect in the axis of 
the common crank shaft. Thus 
two four-cylinder engines of type A 
become an eight-cylinder V engine 
driving a four-crank shaft. Three 
four-cylinder engines of type A 
become a double V engine of 
twelve cylinders driving a four- 
crank shaft. 

TypeO. The radial engine in which the 
cylinder centre lines radiate from 
the centre of the crank shaft 
. and all lie in a plane perpendicular 
to the axis of the crank shaft. 


1 See “Petrol Engine, the 
craft Engines,” Vol. IV, 


Water-cooled ”; 


“Air- 


Internal combustion engines used in sub¬ 
marines, in factories, and in motor cars belong 
as a rule to class A. 

The balancing of engines of type A has 
been considered in sections (5), ((j) ? an( j 
and from the results there given deductions 
can be drawn for a few arrangements found 
in internal combustion engines, but not yet 
specifically considered. 

The four-crank engine of type A with equal 
reciprocating masses and With cranks set, 
the middle pair parallel and tho outer pair 
parallel and at 180° with tho middle pair, 
and with tho cranks symmetrically pitched 
along the crank shaft, is the usual arrange¬ 
ment found in a four-crank motor ear engine. 
With these conditions the reciprocating 
masses are balanced for primary forces, for 
primary, secondary, and all higher orders of 
couples, but are unbalanced for secondary 
forces. 


The unbalanced secondary force may bo 
shown to be 

- 4Mw a r 2 .. 

-— f — cos 2d Ibs.-wt. 

f/.L 

acting vertically at tho centre of tho crank 
shaft. 


M is tho mass in pounds of one sot of recipro¬ 
cating parts, r is tho crank radius in feet, L 
is the longth of the connecting rod in feet, 
and w is the angular velocity in radians 
per second. This reduces to very nearly 
(5M/iV a /L) cos 20, using for </, 32-2. revolu¬ 
tions per second. 

An eight-cylinder V engine formed by setting 
two four-cylinder engines of tho above kind 
together at an angle of 90° is therefore 
balanced for primary forces, for primary and 
secondary and all higher orders of couples, 
but is unbalanced for secondary forces. 

The unbalanced secondary force is the 
resultant of the unbalanced secondary force 
from each of the four-cylinder engines. This 
has just been shown ‘ to have the value 
(5Mn a r a /.L) cos 20. 

Combining tlieso together it will bo found 
that the magnitude of tho resultant is very 
nearly (7M»*r B /L) cos 20, and that this alter¬ 
nating force acts horizontally. 

Tho 6-cylinder engine of type A with equal 
reciprocating masses and cranks sot, tho 
inner pair parallel, the next pair parallel 
and at 120° with the inner pair, and the outer 
pair parallel and at 240° with tho inner pair, 
and with tho pairs symmetrically pitched 
along the crank shaft, is balanced for primary 
and secondary forces and higher orders, ex¬ 
cluding orders divisible by 3 ; and for primary 
and secondary and all higher orders of couples. 
Practically it is a perfectly balanced engine. 
V engines made up of six-cylinder engines of 
this kind are therefore in almost perfect 
balance. 
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Tiio radial ongino, typo C, an equi¬ 
angular n cylinder radial engine with the 
connecting rods coupled to one crank pin 
and with reciprocating masses por cylinder 
equal to M pounds, is balanced for primary 
reciprocating forces by a balance weight m 
opposite the crank pin calculated from 

m = pounds at crank radius. 

Tills is valid for all values of n except 1 and 2. 

If furthor M x at crank radius is the equiva¬ 
lent of tho unbalanced revolving parts due to 
the crank arm, crank pin, and the n equal 
revolving parts of tho connecting rods, the 
actual balance weight to be added at crank 
radius diametrically opposite tho crank pin 
to balance the reciprocating parts and the 
revolving parts is m + M x pounds. 

It is shown below that when tho number of 
cylinders exceeds three, the secondary forces, 
along the respective lines of stroke mutually 
balance. 

If there are three cylinders, mutually at 
1.20°, there is an unbalanced secondary force 
equivalent to that caused by a mass weighing 
if Mr 2 /L pounds concentrated at the crank 
pin of a crank of radius r and revolving twice 
as fast as the main crank, but in the opposite 
direction. 

These statements are proved as follows. 

Let fi bo the angle between adjacent lines 
of stroke so that p—2ir/n. Reckoning the 
crank angle always in tho positivo direction 
from any one of tho n linos of stroke in the 


Y 



engine, it will be soon from Fig. 22 that the 
crank anglo reckoned from the /eth lino of 
stroke is 0 -i- (h - l)p. 

The force along the /tth lino of stroke is 
therefore 

E=A cos {0 + (k ~l)j3\ + B cos 2 {0 + (h- l)p} 

MwV 2 

A=MoV and B = 


The simultaneous values of the force along 
each line of stroke is found from this equation 
by substituting in succession b = 1, k = 2 to 
h — n. ' 

To find the resultant force on the frame, 
each of the forces is resolved into components 
along mutually perpendicular fixed axes and 
their resultant is determined. The statements 
made above are easily seen to follow. 

These results only apply strictly when the 
connecting rods are coupled directly to the 
crank pin. If they are coupled through a 
floating big end, articulated as it is called, 
then the expression A cos Q + B cos 20 ’(no 
longer gives the accelerating force in the line 
of stroke with accuracy. 

Whatever be the mechanical arrangement, 
however, if the engine is balanced the mass 
centre of all the moving parts remains at 
l’est during the motion. Particular arrange¬ 
ments can therefore be examined from this 
point of view. 

In conclusion a point may be mentioned 
which is of importance in internal combustion 
engines. The driving torque on the crank 
shaft is necessarily accompanied by an equal 
and opposite reaction on the frame. If the 
driving torque varies periodically it tends to 
set the frame in torsional oscillation. This 
is minimised by increasing the number of 
cylinders and arranging the sequence of firing 
so that the torque curve shall be as uniform 
as possible. The eight-cylinder engine of type 
A gives a torque curve of least variation. 
The six-cylinder comes next. The four-cylinder 
has a large variation per revolution. 

The addition of a flywheel, although control¬ 
ling the variation of speed consequent upon 
torque variation, has no effect on the torsional 
reaction on the frame. That must, follow 
every variation of the torque exerted by the 
crank shaft whether against a resistance or 
a resistance plus a flywheel. There is no 
difficulty in securing practical uniformity of 
torque in a steam engine. 1 w. e. d. 

ENGINES, THERMODYNAMICS OF 
INTERNAL COMBUSTION 

§ (1).—In all fluids the pressure, volume, 
and temperature are so related that if any 
two of these be known the value of the 
third is determined. We may thus take as 
our independent variables the pressure and 
volume, or the pressure and temperature, or 
the volume and temperature. In considering 
the thermodynamics of internal combustion 
engines it is in general found most convenient 
in diagrams to take the pressure and volume 
as the independent variables. 

1 “ A Comparison of Five Types of Fmgines,” etc., 
W. JG. Dalby, Trans. Inst, Nav. Arch., 1902. 
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§ (2) Cycles of Operations. — When a 
definite quantity of any substance is subjected 
to a series of operations such that it returns 
finally to its initial condition in all respects, 
such a series is termed a “ Cycle of Operations.” 

Carnot’s conception of a cycle of operations 
as a convenient means of considering quanti¬ 
tatively the changes undergone by the working 
substance of an ideal heat engine has proved 
invaluable in the development of the modern 
science of thermodynamics ; its special merit 
is that as the working substance returns 
exactly to its initial state at the end of the 
cy'cle, so also does its internal energy, and 
hence we avoid the problem of discussing the 
measure of the change of energy of the 
working substance from its initial to its final 
state. 

In considering the performance of internal 
combustion engines it is found convenient to 
divide cycles of operation into two classes, 
viz; (a) perfect cycles, and ( b ) imperfect cycles. 

A cycle is said to be perfect when it is of 
maximum efficiency for the temperature range 
within which the engine works. 

A perfect cycle is reversible, i.e. if the engine 
be worked backwards the heat transferences 
at each stage are exactly reversed. 

A cycle is said to be imperfect when its 
efficiency is necessarily less than that of a 
perfect cycle for the same temperature range. 

All the cycles of operation employed in 
actual interna] combustion engines are im¬ 
perfect in this sense; owing to the nature of 
the . operations performed, their maximum 
efficiency is in every case necessarily less than 
the conceivable maximum for the range of 
temperature involved; the reasons for this 
are fully discussed later. 

§ (3) Isothermal and Adiabatic Changes. 1 
—When the supply of heat to a substance 
is so regulated that its simultaneous changes 
of pressure and volume take place without 
change of temperature, the changes are termed 
isothermal. 

When simultaneous changes of pressure and 
volume take place in a substance completely 
heat-insulated from all external bodies, so 
that there can be neither loss nor gain of heat, 
the changes are said to be adiabatic. Expan¬ 
sion takes place, in general, against some' 
external resistance (as, e.g., that offered by 
atmospheric pressure, or a loaded piston), 
and hence mechanical work must be done by 
the expanding substance in order to overcome 
this external resistance. Anticipating the 
first law of thermodynamics, it is evident 
a if heat be supplied to the expanding 
substance some, at least, of this will be 
expended m the external work of expansion. 

On the other hand, if no heat be supplied to 
the expanding substance, the heat-equivalent 
1 See also “ Thermodynamics,” §§ ( 15 ), ( 10 ). 


of the external work done must bo supplied 
from the store of energy of the substance 
itself (termed its internal energy), and its 
temperature will, in consequenco, fall as the 
expansion proceeds. Clearly, then, on a 
pressure-volume diagram a curve indicating 
adiabatic changes from any initial condition 
is always steeper than a curve indicating 
isothermal changes from the same initial 
condition. 

§ (4) The Two Laws of Thermodynamics. 
(i.) The First Law .—The first law r asserts 
that heat is a form of energy; when heat is 
converted into mechanical work, or vice, versa, 
the quantity of mechanical work done is 
simply proportional to the quantity of heat 
converted. 

The British Thermal Unit (B.Th.U.) is the 
quantity of heat that will raise 1 lb. of water 
at, or near, its temperature of maximum 
density, through 1° E. This quantity of boat 
if wholly converted into mechanical energy 
will perform 778 ft.-lbs. of work. This, the 
“ mechanical equivalent ” of heat, is usually 
styled “Joule’s equivalent” and denoted 
by the symbol J. If the centigrade scale of 
temperatures be used the value of the 
mechanical equivalent, then styled the 
G-Th.lL, becomes approximately 1400 ft.-lbs. 
(See “Heat, Mechanical Equivalent of,” § (<)),) 
(ii.) The Second Law .—This puts on record 
our experience that heat, unaided, is unable 
to pass from one body to another at a higher 
temperature. Clausius’ enunciation of this 
law is as follows : “ It is impossible for a 
self-acting machine, unaided by any external 



At some point 2 the heat supply ceases, and 
the expansion continues adiabatioally until a 
point 3 is reached. At 3 the third operation 
commences, viz. that of isothermal compression 
at some lower temperature f, to a point 4 
such that on further compressing adiabatioally 
from 4, the point 1 is again reached; during 
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the isothermal compression Hi a quantity of 
lioat, h, is abstracted from the working 
substance, During tire isothermal and adia¬ 
batic expansions 12 and 23, mechanical work 
is done by tlio substance, measured by the 
areas 122'l'1 and 233'2'2 respectively. During 
the isothermal and adiabatic compressions 
34 and ■if, mechanical work is done on the 
substance, measured by the areas 344'3'3, 
411'4'4 respectively. The complete cycle of 
operations leaves, therefore, a quantity of 
“ useful work ” done by the substance repre¬ 
sented by the area 1234 obtained by the 
expenditure of a quantity of heat H, of which 
a part, h, is rejected. By the hirst Law of 
Thermodynamics, therefore, the useful mech¬ 
anical work U (measured, for convenience, in 
heat-units) must be given by the relation 

U = H - h. . . . (1) 

And the oJlieiomty of the cycle, being the 
ratio of the usef ul work obtained to the energy 
expended, is 

Efficiency = ^= 1 - . (2) 

This equation expresses the efficiency of the 
Carnot cycle in terms of the heat received at 
thb upper limit of temperature T, and that 
rejected at the lower limit t. 

Moreover, the cycle is reversible; if the 
engine ho worked backwards and an amount 
of energy U lie given to the working substance, 
it will draw heat it from the sink at temperature 
l and give heat 11. to the source at temperature 
T, passing through all the stages passed 
through during the direct process, and being 
in the same condition in all respects at each 
corresponding stage in the two. 

§ (0) Tun Carnot Cycle a “ Perfect ” 

C/Vmw..No eoneeivable engine, whatever its 

cycle, working between T and f can have a 
greater efficiency than the Carnot engine. 
Dor if it lie possible, let there he such an engine 
X using the same “ source ” of heat at tempera¬ 
ture and the same “sink” of lioat at 
temperature l. 

Let X he so coupled to the Carnot engine 
as to drive it backwards without doing 
external work; then during each revolution 
of the coupled engines the following exchanges 
take place: 

Engine X takes heat II' from the T-source, 
rejects heat h' to the f-uink,* and performs 
mechanical work U *»H' -~¥ ; and 

The Carnot engine is reversible, and working 
backwards takes in heat k from tire t-source, 
and rejects heat H, into the T-souroo in virtue 
of mechanical work U done upon it, given by 
U =k 'H - h. Thus, on the whole, no mechanical 
work is done, and H-h — ll'-h'; hence 
H - H'-j/i- h\ But since X is the more 
efficient engine, it docs the work U for a less 
expenditure of heat from the source than 


that required by the Carnot engine. Thus 
H is less than H, and hence h' is less than 
f- the source at temperature T gains 

heat H — H , and the sink at a lower tempera- 
toe t loses an equal amount of heat h-h'. 
Hence by means of an inanimate material 
agency the two engines coupled—heat is 
tiansferred from a body at temperature t to 
one at a higher temperature T, in violation of 
the Second Law of Thermodynamics. Thus 
engine X cannot have a greater efficiency, 
working between T and t, than that of the 
Carnot engine between the same temperatures. 

Henoe the Carnot cycle is of maximum 
efficiency, i.e. is a “ Perfect ” cycle. 

It immediately follows that, within the 
same temperature range, all perfect cycles 
are of equal efficiency, the value of which in 
terms of heat received and heat rejected is 
as given in equation (2).. 

§ (7) Kelvin’s Absolute Scale of Tem¬ 
perature. —Equation (2) expresses the effi¬ 
ciency in terms of heat quantities; it is next 
necessary to show how the efficiency may be 
expressed in terms of the limiting tempera¬ 
tures themselves. 

Let A I E 1 (Fig. 2) represent a portion of an 
isothermal, at temperature T x , of the working 



substance, which may be any whatever. 
Along AjEplet points B x , C l5 D x be taken such 
that the expansions A-^, B 1 C 1 , CjD-l corre¬ 
spond to the addition of equal quantities 
of heat, IIj, at the constant temperature T x : 
and through A x , B x , C x draw a series of 
adiabatics of the substance. 

Let AgBoCjj be a second isothermal of the 
substance corresponding to some lower tem¬ 
perature T 2 . 

Then the quadrilaterals A X B 2 , B 1 C 2 , G X D 2 
are all equal; for each is the useful-work-area, 
U, of a Carnot engine diagram receiving heat 
H x at the higher temperature T x , and rejecting 
heat at the lower temperature T 2 . Moreover, 
since the efficiency is the same for each of these 
perfect cycles the amount of heat rejected at 
the lower temperature T 2 is the same for each. 
Let it be H 2 . Hence, also A 2 B 2 , B 2 C 2 , C 2 D 2 
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represent the isothermal changes at T 2 due to 
equal additions of heat, H 2 , to the substance. 
Next suppose there to he drawn a series of 
isothermals A 3 B 8 C 3 , A 4 B 4 C ! 4 such that the 
quadrilaterals A X B 2 , A 2 B 3 , A. ) B 1 are all equal ; 
then it is evident that the two series of 
isothermal and adiabatic curves divide up 
the whole diagram into quadrilaterals of 
equal area. Now Kelvin defined equal tem¬ 
perature intervals as those between any two 
consecutive isothermals of this series; as 
this system of graduating temperatures is 
independent of the nature of the thermometric 
substance employed, it is styled the absolute 
scale of temperature. On this scale it is 
immediately obvious from the diagram that 
the efficiency of a Carnot engine working 
between T x and T 3 is twice as great as that 
between T x and T 2 ; and between T x and T., 
three times as great : and, generally, that 
the efficiency is proportional to the difference 
between the upper .and lower temperature 
limits measured in this way, i.e. 

jjjUcfTi-T*), ... (3) 

where T x and T„ are the upper and lower 
absolute temperature limits respectively. 

The constant quantity C must be in¬ 
dependent of T„, but may be a function of 
Tj. It is termed Carnot’s Function, and its 
value is immediately determined from the 
consideration that as equation ( 3 ) is to hold 
whatever T„ may be, let T n be supposed so 
reduced (see Fig. 3) that the whole of the heat 
H x is converted into useful work U. As U 



cannot conceivably be greater than this, it 
can only be inferred that when U=H X the tem¬ 
perature T„ is the zero of the Kelvin scale; 
thus T„=0 when U=H 1 ; hence equation ( 3 ) 
gives in this case 1 = CT X or 

C= Ti.(*) 

Thus Carnots function is the reciprocal of 
the temperature reckoned from the Kelvin 
absolute zero. 

The efficiency of the Carnot cycle can now 
be expressed in terms of the absolute tempera¬ 


tures of the limits ; for if these bo T and l 
respectively we have from equations (3) and (4) 

Efficiency =~- = 1-^, . . ( 5 ) 

and thus depends only on the ratio of the ab¬ 
solute temperatures between which the engine 
works. From equations ( 2 ) and (5) we have at 
once the important fundamental relation 


. Heat received_ Aba. upper temp. 

Heat rejected Aba. lower torn]). ' 1 ' 
§ (8) Temperatures bv Gas-Thermometer. 
—Anticipating § (14) el mj., wo know that 
for an ideal perfect gas p» = Rr, whore r is 
temperature as given by the gas-thermometer 
itself and R a constant; and it is easily 
shown, 1 by a direct and independent investi¬ 
gation, that with such a gas as working sub¬ 
stance, the efficiency of the Carnot cycle is 
expressed by l-rjr lf whore r a and Vj are 
the lower and upper gas-temperature limits 
respectively. Hence by equations (2) and ((>) 
we have h/II-Tj^ = t/T ; 

Kelvin abs. lower temp. 

Kelvin abs. upper temp. 

_ Gas-thermometer lowe r temp. 

Gas-thermometer uppoFtenip.' 

In the gas-thermometer scale, the temperature 
interval between the freezing and boiling 
points of water is divided into 10(1 equal 
degrees, and this loads to the zero occurring 
at 273° below the freezing-point of water. 
If the same size of degree be adopted for the 
Kelvin scale, then wo shall have T--r x and 
i=r 2 , and the readings, on either scale, will 
be identical. As the ordinary permanent gases 
approximate closely in their properties to 
those of a perfect gas,—within the temperature 
range occurring in internal combustion engines, 
—xt is to bo expected that the readings 
furnished by a gas - thermometer will corre¬ 
spond very closely with the temperatures 
of the Kelvin absolute scale. Tins' is found 
to be the case, experiments, by Joule and 
Kelvin on the flow of air and other “ per¬ 
manent ” gases through porous plugs showing 
that for all practical purposes the readings 
of a , gas-thermometer sensibly coincide with 
absolute temperatures on Kelvin’s scale. 1 * 
Callendar (Phil. Mag., 1903) has given tables 
showing the correction to be made with air, 
hydrogen, and other gas - thermometers in 
order to convert their readings to those of the 
Kelvin absolute scale. The correction is 
very small, amounting in the constant-volume 
hydrogen thermometer to not exceeding 
i/tuth of a degree between -10° 0. and 

1 See “Thermodynamics,” § (20). * XW. § (12). 
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1000° C. With a constant-volume air ther- 
.moineter the correction is slightly greater, 
but still very small. With, gas-thermometers 
of the constant-pressure type the corrections 
are again slightly greater. 

For all thermodynamic investigations on 
internal combustion engines, however, the 
readings of a gas-thermometer may be taken 
as absolute temperatures. 

§ (9) Entkopy. —Let AB (Fig. 4) be any 
two points on the pressure-volume diagram 
of a substance, and suppose that by the 
addition of heat simultaneous values of its 
pressure and volume in passing 
from the state A to the state B 
indicated by 


Entropy 



are 

the full dark line 
joining A to B, and 
which may be of 
any form whatever. 

Through A and B 
let there bo drawn 
adiabatics; and 
through any point 


u Volume V 

Flu. 4, 

below A lot there bo drawn any isothermal, 
cutting these adiabatios in a and b respect¬ 
ively ; and let t bo the absolute temperature 
corresponding to tins isothermal ab. Let the 
path from A to 'll bo divided into a large 
number of small parts through each of which 
a small portion of an isothermal is drawn, as 
A W B„, the corresponding temperature being 
T tt , and through each extremity of each of 
those small isnthermals let adiabatios be 
drawn cutting the J-isothermul. ab. as at 
a n , b n . The whole area ABba is thus divided 
up into a large number of elements, each of 
which is a Carnot engine diagram receiving 
heat H n at temperature T„ during the iso¬ 
thermal expansion A n B„, and rejecting heat 
h n at temperature t during the isothermal 
c.i impression b n u n . The work-area A B B n 6 tt a„A n 
being denoted by IT,,, we have therefore, by 
equations (2) and (5), 


U„: 

,_. H fj * \ 

v. JL-n J 


which may be written 


11 

IT 

r tt 

71 U fi - I'm • • * • 

' l 7l 

(7) 

Set out at length, 
{IVl-Ha-i-H-H- . 

therefore, 

. . }- {U x + U a + U 3 + . 



‘t, h • 



Biit h n — (H n - U n ) by equation (1); 
this out at length also we have 

{7q +h z + h 3 + , . . } = {H-l + H 2 + H s + . 

- {U 1+ U 2 + U 3 + 


and accordingly, 
•}7q + 7t a + h 3 + . . 


l=bf H U H 

• } *\ijr + 


H. 

+ m“ + 


T 2 


setting 




But 7q + 7i a -|- h 3 -y . . . — h, the whole quan¬ 
tity of heat rejected by isothermal compression 
at t, from b to a ; so that the result becomes 


IT, 


+ 3. +la 

T. + T, 


I h 

j =-, a constant. 


whatever H i5 H 2 , H 3 may be. 

When the number of parts into which the 
path AB is divided is indefinitely great, each 
of the quantities H 1; H 2 , II 3 , etc., is properly 
denoted by cZH, and we thus obtain the remark¬ 
able and important result 

PcZH * 


~rfr = j> a constant. 


( 8 ) 


This is true whatever the form of the path 
between A and B ; it is true wherever A and 
B be taken on their respective adiabatics; 
and it is also true wherever the isothermal 
ab be drawn. The result may he expressed 
verbally as follows: For any working sub¬ 
stance let any two adiabatics be drawn; 
take any point on one and any second point 
on the other ; by means of a beat supply to 
the substance, varying in a,ny manner what¬ 
ever, let the condition of the substance be 
changed from that denoted by the first point 
to that denoted by the second; divide each 
very small addition of heat, whatever its 
source, by the absolute temperature at which 
it is added. Then the algebraical sum of 
these quotients is constant in value. 

Along any adiabatic tZH = 0 by definition ; 

thus in this case I dHJ T = 0. 

f B 

Hence (Fig. 4), I cZH/T indicates a quantity 

which increases by a constant amount as we 
pass from, one adiabatic A a to another BA 
Clausius gave the name Entropy to the value 
f a 

of the integral I cZH/T taken from some 
-*o 

unknown zero of entropy up to* the state 
A. It is a function only of the state of the 
body. The zero of entropy is that of a body 
entirely deprived of heat, a condition unknown 
to us, but since we are concerned only with 
the changes of entropy this is immaterial, and 
equation (8) may be. interpreted as expressing 
f B 

the fact that I cZH/T, the difference of the 

J A, 

entropies of the two conditions A and B, is 
a constant. Entropy is usually denoted by 
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the symbol <p ; if, then, <p± be that of A and </> 2 
that of B, we have, starting from any arbitrary 
zero, 

, T A dH ^ _ P'dK 

Vl— / TjFT> VZ— I rp-> 

1 o x " o 

[BJ TT 

and hence < Pz- t Pi—J fjr- • - • (®) 


Practically entropy is reckoned from some 
assumed standard condition, as, e.g., for unit 
mass at one atmosphere of pressure and 0° C. 
or 100° C. temperature. As along any adiabatic 
the entropy is of constant value, all adiabatics 
are also isentropics. 

If an element of heat, c/H, be added at 
absolute temperature T to a substance, the 
corresponding change of entropy is d<f >; by 
equation (8) d(p=dR/T. This may also be 
written dH.—Tdtp, and d\ljd<p = T. Or, for a 
finite change, 

fdR =jTdcp. . . . (10) 


Temperature-Entropy 

Diagram 


The value of the entropy is easily determined 
in any specific case, as is shown later in this 
article (vide 
’§ (25)). Fig. 5 
shows a tem¬ 
perature- en - 
tropy diagram; 
it is usual to 
take the tem¬ 
peratures as 
ordinates and 
entropy as ab¬ 
scissae; let 
AB be a curve 
connecting tem¬ 
perature and entropy, and from any points 
C (0,T X ) and D (</> 2 T 2 ) on this curve draw 
ordinates CM and DN respectively ; then 



Fig. 5. 


, . f^H=fV = areaMODNM. 

J c J<j> i 

Hence the hatched area measures the heat 
supply to the substance from condition C to 
condition D. On the temperature-entropy, 
or “ T~rj> ” diagram all isothermals obviously 
appear as horizontal lines, and all adiabatics 
(isentropics) as vertical lines, as indicated 
in Fig. 6; thus the T — <p diagram of any engine 
working on the Carnot cycle, whatever the 
working substance, is a rectangle as 12341, 
12 representing the isothermal expansion at 
temperature _T, 23 the adiabatic expansion 
from T to f, 3i the isothermal compression at 
t, and 41 the adiabatic compression from i 
to T (compare Fig. 1). The area M12NM 
represents H, the heat supplied during If, 
while N34MN represents h, the heat rejected 
during 34; hence the closed area 12341 
represents (H - h), i.e. U, the heat converted 
into useful work. And it is immediately 
obvious from this diagram that the efficiency, 


U/H, being the ratio of tho areas 12341 and 
M12NM, is also expressed by (T — t)j T. 

And, generally, tho “ T — <■/> ” diagram of 
an engine working on any cycle is represented 
by an enclosed 
figure as, e.g., 
that shown 
hatched in Fig. 

7, the area of 
which repre¬ 
sents the useful 
work performed 
just as in the 
case of a pv dia¬ 
gram. Through 
the four ex¬ 
treme points of 
the boundary 
of this hatched 
area let horizontal and vertical lines bo drawn 
as shown. Then the actual engine receives 
per cycle heat IT/ represented by the area 
MABONM, and rejects heat h represented 
by NODAMN, its efficiency being 


Compare Fig.2 
Aclinbatiea (Isentropics) 


a Ac - 

•b ^2. 
p A 4 


Line 0/ Ma. ZorulTemfiitratura 


M N 

Entropy 

Fig. 0. 


IF-// 

' IF.» 


i.e. 


1- 


// 

IF' 


Now the temperatures between which this 
engine works are T and t ; and 12341 is the 
T — </> diagram of a Carnot engine working 
between the same temperatures, H being now 
represented by M12NM, and h by IST34MN. 

It is obvious that M12NM is greater than 
MABONM and that N34M.N is less than 
NODAMN, that is, that H is greater than 
IF, and h less than // ; thus h/H. is leas than 
///IF; and, therefore), (1-A/H) is always 
greater than (1 ~///IF) • that is, the efficiency 
of tho perfect cycle engine is a maximum, as 
has already been shown otherwise,', 

§ (10) Entropy in a Complete Cyolk— 
Whatever tho^ cycle of an engine, whether 
perfect or not, the working substance returns 
at the end of each cycle to its initial condition 



in all respects, and thus in a complete cycle 
there is no change of entropy; or, symbolically, 
for any complete cycle : 

/f-0. . . . (11, 
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In interpreting this equation all lieat gained 
or lost by the substance as heat, whatever its 
source, is to be included. If, for example, 
tho cycle includes processes, as of “ unbalanced 
expansion,” any boat generated within the 
substance itself during the subsidence of its 
turbulent motions must be included in the 
summation of equation (11). Any heat so 
generated is clearly a positive addition to tho 
entropy summation. 

If heat acquired by tho substance in this, 
or other analogous mannor, be not included 
in the summation, thou it will be necessary 
to assort that only for any porfect cycle is 
equation (11) true, and that for an imperfect 
cycle yilHj T is negative. 

§ (11) TfflMlTOATTOB - ENTROPY DIAGRAMS. 
—These have proved of much value in study¬ 
ing tho action of heat engines using water- 
steam as tho working substance, but have 
not so far been much used in investigations 
connected with internal combustion engines. 

Among further graphic aids to the study of 
boat engines may be mentioned the diagrams, 
introduced by Dr. Mollier in 1904, of total-heat 
entropy (lb/)), and total-heat pressure (Hp) ; 
both of these have already been found of 
service in steam-engine and steam-turbine 
problems, but they have not yet been em¬ 
ployed in connection with internal combustion, 
engines. 

§ (12) Pimfeot Gases.—-F or the so-called 
“permanent” gases, of which (dry) air is 
the type, experiment has established the 
following results, termed tho Gaseous Laws; 
they are conformed to by actual gases the 
more closely as they are raised in temperature 
the more highly above their condensation- 
point, that is, tho more highly they are 
superheated. These Gaseous Laws are to be 
regarded, therefore, as tho properties that 
would bo exactly possessed by an absolutely 
ideal gas, 

§ (13) Law 1 (Boyle’s Law).—I f tempera¬ 
ture remains constant, then the product of 
pressure by volume is also constant. Hence 
the isotherms of a perfect gas on a pv diagram 
arc rectangular hyperbolas with the co¬ 
ordinate axes as asymptotes. 

§ (14) Law 2 (Ckabmss’s Law). —Under 
constant pressure all gases expand at one 
uniform rate with increase of temperature. 
As by Law 1, voaljp when T is constant, and 
by Law 2, v«sT when p is constant, it follows 
that ik«T Jp when both T and p change, i.e. 
v • R(T/p) whore R is some constant. This 
result, combining Laws 1 and 2 in one state¬ 
ment, is usually written 

pv =RT, . . . (12) 

and is termed the “ Characteristic Equation ” 
of a perfect gas. 

If pv and T suffer simultaneous increments 
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Ap, Av, AT respectively, then, 
always holds, we must have 


as equation 


( 12 ) 


(p + A p){v + Av) = R(T + AT), 
i-e. pAv + vAp + Ap Av = RAT, 

and accordingly, in the limit, when the incre¬ 
ments axe indefinitely diminished, 

pdv + vdp = RdT . . (12a) 

and^T mVariable relation conn ecting dv, dp, 

Here T is strictly the temperature measured 
on the absolute scale (§ (7)), but for all practical 
purposes the reading of a gas thermometer, or 
a good mercurial thermometer, is sufficiently 
accurate (vide § (8)). From equation (12) it 
appears that the expression pvj R measures the 
absolute temperature of a gas, and this property 
is much used in investigations of the action of 
internal combustion engines. The value of 
the constant R is determined in any specific 
case when the condition of the gas is known 
at any one instant. Thus for 1 lb. of air at 
0 0. (T=273° C. abs.), when p is 14-7 lbs. 
per sq in. ( = 2117 lbs. per sq. ft.), it is found 
that the volume v is 12-39 cub. ft.; hence from 
equation (12) 2117 x 12-39 = R x 273, whence 
R-9G. Accordingly for air the characteristic 
equation is 

pv = 96T, . . . (12') 


§ (16) Law 3 (Regnault’s Law). —The 
specific heat at constant pressure is constant 
for any perfect gas. This quantity (SH/STL 
is commonly denoted by h p . ' 

Another important mode in which a gas 
may receive heat is at constant volume. 
The specific heat at constant volume (oH/oT)„ 
is usually denoted by h v . For air as the 
result of careful experiment the value of k 
was determined by Regnault 1 as 0-2375 
C.Th.U. per lb. ; from this the value of h v is 
obtained, by calculation, as 0-1689 C.Th.U. 
per lb. 1 

§ (16) Law 4 (Joule’s Law). —If a gas 
expands without doing any external work, 
its temperature remains unaltered. The 
volume of a gas is always maintained by 
some external pressure, and if a gas expands 
mechanical work is necessarily done by it 
in overcoming this external pressure. If the 
gas be lieat-insulated from all external sources, 
experience shows that its temperature rapidly 
falls during expansion ; the external work is 
done at the expense of the internal energy 
of the gas. When there is no external work 
done there is no loss of internal energy, and, 
as Joule’s Law shows, no loss of temperature.; 
and this is true whatever the pressure of the 
gas. I-Ience it is concluded that the internal 
energy of a gas is proportional to its absolute 


1 These values are now considered to be too low; 
vide § (73); also in actual gases the values are not 
constant. 
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temperature. Thus in a perfect gas isothermal 
curves are also curves of equal internal energy, 
ie. are “ Isenergics.” 

§ (17) Symbolic Expression op the First 
Law op Thermodynamics. — In general, 
when heat is supplied to a perfect gas, the 
pressure, volume, and temperature all undergo 
change, though at each instant the char¬ 
acteristic equation pw=RT remains true. 
Suppose the addition of a small quantity of 
heat AH, to a gas at p, v, T, to cause these 
quantities to become (p + Ap), (w-f-Ar), 
(T+AT) respectively. The effect may be 
considered to be produced in two steps, 
■viz. (1) a rise in temperature of AT (with 
corresponding rise in pressure Ap) at constant 
volume, and (2) an expansion at constant 
temperature between T and (T + AT) through 
a volume Aw. 

The heat necessary to produce the first 
step is /r„AT, h v being by definition the 
quantity of heat necessary to raise the gas 
through 1° C. at constant volume. For the 
second step the expansion at constant tempera¬ 
ture requires an amount of heat equivalent 
to the external work done, which lies between 
pAv and (p + Ap)Av. And the sum of these 
two quantities is AH. Hence, in the limiting 
case we have 

dK = MT + £p(13) 

{ Increase of) , , 

internal + wor c 
energy J . done ’ 

where J is Joule’s equivalent (§ (4)). This is 
the symbolic form of the First Law of Thermo¬ 
dynamics in the case of perfect gases. 

§ (18). —Several fundamentally important 
results are immediately deducible from this 
equation. Thus, in isothermal or “ isenergic ” 
expansion T is constant; hence ZyZT=0; 
j|nd accordingly in this case 

an=?p, . . . (i4) 


so that the heat supplied is the exact equivalent 
of the external work done, the internal energy 
of the gas remaining unchanged. And, 
conversely, if a gas be isothermally compressed, 
the heat emitted is the exact equivalent of 
the work done upon the gas in compressing it. 
Integrating equation (14) we have, denoting 
by H, the heat supply necessary to change the 
volume from V 0 to w isothermally : 


< 15 > 


The volume ratio of expansion (v/v 0 ) is usually 
denoted by r ; hence (15) is also written 


Heat supplied = Ext. work of expansion 


PqVq 

' J 


log e r=~°log r 


■ (150 


in thermal units, T 0 being the absolute 
isothermal-expansion-temperature. 

§ (19) Relation oe h v to Zy —With tire 
same initial suppositions as in § (17), if tiro 
addition of AH to the gas produces a i-iso 
of temperature AT (and corresponding volume 
increase Aw) at constant pressure p, then, 
by the definition of Zq, we have at onco 
AH = Zq,AT ; and, in the limit, (ZH = ZyZT ; 
and the final state of the gas being exactly 
the same in each case, we may write 

dH = ZyZT = Zi,,cZT + ]pcZw. 

But yw=RT, and as p is here constant, 
p{dv/dT) =R, i.e. pdv =RcZT ; hence 

ZyZT - 7c„cZT +-jfZT, 

R 

so that Ic„~lc v =~, , . .(16) 


that is, of course, tlie difference of the two 
specific heats is the thermal value of the 
external work done in raising 1 lb. of the 
gas through 1° C. at constant pressure. The 
constant R =p(dv/dT) is the measure of this 
external work in ft.-lbs. 

(i.) Vahie of Jc v for Air. —Regarded as a. 
perfect gas, the constant value of h v for air 
can now be calculated; for wo have seen 
(equation (12')) that R = 90, also *„ = 0*2376, 
and J has been experimentally determined 
as 1400 ft.-lbs. per C.Th.U. ; lienee by (16) 

whence lc v = 0-1689 C.Th.U per lb. 
as already stated. 

(ii.) Ratio of k v /h v ; Value of y.—The ratio of 
KIK> always denoted by y, is of fundamental 
importance in all thermodynamic investiga¬ 
tions ; in the case of air, regarded as a perfect 
gas, we see that 

0-2375 _ , n „ 

7 K 0-1689 ~ 1 ‘‘ 06, 

Assuming all heat-quantities to be expressed 
as energy in ft.-lbs. 

Equation (13) becomes 

dll=h v d'S -\-pdv, . . . (13a) 

while from equation (10) 

R=/fej, — Z:„=Z)„(y— 1). 

Hence by equation (12a) 

RdT=Zj„(y-1), dT =pdv+vdp, 

—yj {pdv+vdp} ; 

and accordingly (13 a) becomes 

l 

{vdp +ypdv\, 


so that 


KdT-- 


<m-. 


y-l 

which may also be written 

dH l dp . 
dv~^ihv+Wf 


(13n) 


(13c) 
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jquation is sometimes useful in the analysis of 
l indicator diagrams of internal combustion 
2 s . 1 

> following formula giving II -H„ readily in 
units, in terms of quantities easily measured 
an ordinary indicator (pv) diagram, is also 
y of notice. Wo have 

m 1 

It 

bus equation (13 a) becomes 
dll = -{fd-pv +pdv, 


<Ub 


It 

-—— dvvA-jidv. 
7-1 


(13a') 


•ating all across from Gv’oHo) to (pall) gives 

1 

II - H 0 ——v (l>v-2>oVo)+ P 

7“ 1 Jv„ 

(II-H 0 ) is determined as p, v, p 0 , and v 0 arc 
rv 

.y measurable, and I pdv is readily found 

Jv„ 

animetrio measurement from the indicator 

jho actual expansion (or compression) curve 
iagram can bo resumed by an equation of the 
pv n = constant {vide § ( 22 ) infra), wo have by 
ntiation , 

v n r \-nv n ~ 1 p~0, 


dv 


■ np-, 


in this case equation (13o) takes the very 
i form 

7- 


(III 


■n 


dv 7 -1 


(13n) 


luring expansion, tho gas loses beat, dlljdv is 
vo and hence n must bo greater than 7 . 
luring compression, the gas loses heat, then as 
y~njy-l)pdv and both (III and dv are 
ve, n must bo less than y . 2 
an pv n ~a, a constant, p=av 
on (13n) may bo written 


and thus 




'a / v~ n dv; 


: (pv-p 0 v 0 ); , (13m) 


7-]. 

egration and reduction this gives 

-- 

7 - 1 l-?i 

10 equation (35) infra. 

JO) Tina Adiabatic Equation oit a 
eot Gas. —In adiabatic changes no heat 
a or loaves the gas, and henoo in equation 
we symbolise this condition by putting 
0. Thus in adiabatic change we have 


k v (lT + ypdv=Q, 


(17) 


Hmperis, The Internal Combustion Engine, 
1 - 00 . 

yrton and Perry, Free. Fhys, Soc., 1885, 


which expresses that in this mode of expansion 
the external work is done wholly at the 
expense of the internal energy of tho gas. 

As p—llT/v, and R=J(/r 3) - k v )--J!c v (y - 1), 
wo may write (17) 


f] O) 

k v d,T -I- lc v (y - 1)T~- = 0 ; 


that is 


dT,, 

tT H” (7' 


I)*’=0. 


(18) 


T ' '' ' v 

Integrating, log e T-|-(7-l), log e v = b, a con¬ 
stant. If T„ and v 0 be datum temperature and 
volume respectively, 

6= log e T 0 -I- (7 - 1) log c v 0 . 

Hence 

T' 

- Zm'-u 

V - 1 , 


lo S« 


0 + (T-l)log,(„») 


= 0 , 


and thus 


/T\ /v\' 

\i 0/ vv 


(19) 


This is tho adiabatic equation of a perfect 
gas in terms of volume and temperature. As 
pv =RT always, equation (19) may easily bo 
expressed in one of tlie following three ways : 

pvl =p 0 v Q y ... a constant, . (20) 

1 


T = 


T=T, 


MB 


1 -: 


y-l 


( 21 ) 


( 30 ) 


§ (21) Expansion to Infinity. — If unit 
mass of a perfect gas be expanded (1) iso- 
tliermally and (2) adiabatioally, from an initial 
condition p 0 , v,„ T 0 , to an infinite volume, 

tho external work done being J ^ , pdv is in¬ 
finite in the isothermal case, by equation (15'). 
In the adiabatic case, however, wo have , 

/ roo rM 

pdv=p u v 0 y v~y dv 

v 0 J 

by equation (20); that is, 


Work to infinity :•= ~p a v o y x 


v 0 


• y -I-1 


P 0 V 0 


7-1-1"'(7" I)’ 
(23) 

As p 0 v 0 - RT 0 - l: v (y - 1)T 0 , this may also bo 
written 

Work to infinity—/ctiT 0 , . (24) 

an obvious truth, as in this case the whole 
internal energy of tho gas is converted into 
external work. 

For 1 lb. of dry air at 0° 0. and one atmosphere 
pressure, regarded as a perfect gas, the external 
work done in expanding to infinity woidd thus 
bo 0*1689x273=46*1. C.Th.U.-64,540 fUbs., or 
28*8 ft.-tons. As 12*39 cub. ft. this may also 
bo expressed by saying that 1 oub. ft. at 0 ° C. and one 
atmosphere, expanding to infinity in tho ciroum- 
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stances here supposed, would perform about 21 ft.« 
tons of work. 


§ (22) Curves of Equation pv n = Constant. 
—All the curves of this family have a general 
resemblance to the hyperbola for positive values 


Curves pv n = Constant 


of the constant index n, the co-ordinate axes 
being asymptotes. Such curves are frequently 

of service in 
the study of 
heat-engine 
diagrams as it 
is often found 
possible to ex¬ 
press actual 
compression 
or expansion 
curves by as¬ 
signing a suit¬ 
able value to 
n. 1 It is thus 
useful to esta¬ 



blish some geometric and thermodynamic pro¬ 
perties connected with them. 

Thus (Fig. 8), let D 1 B 1 CJ 1 , D 2 B 2 C 2 be two 
curves whose equations are pv"=a 1> pv n =cu 
respectively. 


Properly 1.—Let these two curves bo out by any 
horizontal, i.e. constant pressure, lino NB.B,. Denote 
NB X by Vp NB a by v z , and ON by p. 


Then 

and therefore 




n 

> a constant 


(25) 


Hence any horizontal (constant pressure) line cuts 
the two curves in such manner that the ratio NBjj/NBj, 
i.e. vjv v is constant. 

Property 2.—Let the same two curves be cut by 
any vertical, i.e. constant volume, lino MCjO* 

Denote MC X by p v MC a by p z , and OM by v. “ 

Then W n J l r 

ppi n a x 

and therefore a constant. . . . (20) 

Pi a i 

Hence any vertical (constant volume) lino cuts the 
two curves in such manner that the ratio MC a /MC lf 
i.e. pjpp is constant. 

Property 3.—Let the same two curves bo out by a 
third curve D X D 2 whose equation is pv m =« 3 . Denote 
QD X by v v RD a by v z , ED X by p v and I'D, by p 2 . 
Then 

Pih n ~<h> Pi l, i m=sa i: p 2 r 2 n =a 2 , p 2 w 2 m =ff 3 . 
Hence 

J>2 v 2 m ’ Pi”i n==a aX«i’ 

i.e. ( V A n - m ^, 

\vj a x 

and therefore = Q 2 ^) 11 ~ m , a constant. (27) 

’; The value of n is readily determined by log¬ 
arithmic plotting. 


As this result is independent of « 3 , wo have the 
property that all the curves pv m = a constant cut the 
pair of pv n curves in such manner that the value of 
the ratio (v z jv x ) is constant. 

Lastly, wo have 

n 

Pz v 2 n _ a 2__ /2h\ /ft\ (<h 

Pi v i n «i W W = W \« J 

by equation (27 ); that is, 

~ (?) m U ’ n 00nHt;ftn( ’ - • ( 28 ) 

This result being also independent of a a , all the curves 
pv m = a constant cut 
the pv n pair in such 
manner that tho 
value of tho ratio 
(ps/pi) is constant. 

§ (23) Applica¬ 
tion to this Car¬ 
not Diagram.— 

The diagram of a 
Carnot cycle en¬ 
gine using a per¬ 
fect gas as work¬ 
ing substance 
(Fig. 9) consists of 
two isotherms pv =constant, and two adiabatics 

py7 = constant; compare Fir]. 1. 

Here m — 1, n—y ; and wo have accordingly 
by equation (27) 

' (?)“©•• • • « 
or tho ratios of isothermal expansion and 
compression are equal. And from (29) wo 
have immediately also 



or tho ratioB of adiabatic expansion and 
compression are also equal. 

The total expansion ratio is (vJVj) ’> donoto 
this by X, and let r and p denote tho isothermal 
and adiabatic expansion ratios respectively. 
Then as (vjv x ) =[v a /v i )(vjv 1 ), wo havo 

X= P r. . . . (80') 

Now in this case 

% =PiVt y > a z -p a v s y, 

hence by equation (27) 

_l_ _ 1 

r= _ y~ 1 _ / whxV" 1 ')7-i 

\PxVjJ x VjY** 



_1_ 

i.e. r = x(|)v-l. . . . (31) 

Hence the isothermal expansion ratio depends 
upon both the total expansion ratio and tho 
temperature limits. As r is necessarily 
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greater than 1 , X must always bo taken greater 
than (T/J) 17(v ~ :L) . 

Amt as by equation (30) p = X/r, we have by 
(31) i_ 

H?) 7-1 - • • • (32) 


Thus the adiabatic expansion ratio depends 
only upon,the temperature limits. By aid of 
equations (30), (31), and (32) the diagram can 
bo completely drawn when T, t, R, and one 
pressure, say are given. Lastly, from 
equations (5) and (32) we have 


Efficiency 



• (32 7 ) 


And thus, in the Carnot cycle the efficiency 
depends only upon the ratio of (adiabatic) 
compression. 


§ ( 24 ) PuimiMH CoMSSQUMrans of the Equation 
pv n --Constant. —The external work done when a 
gus expands from an initial volume v 0 to any other 
/•» 

volume V being / pdv, if the law connecting p 

J Vo 

and v ho pv n -=p„v 0 n , pdv—p 0 v„ n >: v~ n dv and lienee 
ft 

Ext. work dcme=p ( ,?Jn n / v~ n dv; 


that is 

Ext. work <s>p 0 v 0 n .— } 

_V<Po n f » _ Vo I, 
'i-n\v» v 0 n j 

which reduces immediately to the simple form. 

Ext. work= {po-p 0 v 0 \ • , • (33) 


As jHJrad.IT amlp 0 i) 0 =»RTo, this equation may also ho 
written 

Ext. work =» j {T - T 0 }. . . (34) 

This resul t shows that when a gas expands in accord¬ 
ance with the law pa"®constant the external work 
clone is simply proportional to the change of tempera¬ 
ture of the gas. As the initial temperature is T 0 , if 
n bo greater than 1 the temperature falls during ex¬ 
pansion, whereas if n be less than 1 the temperature 
rum as the expansion proceeds. When n — 1 equa¬ 
tion (34) assumes au indeterminate form, but this 
is already known to be tins isothermal case, and the 
temperature remains constant during the expansion. 

To determine the heat expended wo have by aid 
of equation (13) 

H«i,(T-T 0 ) -|- f ’pdv =*„('£- T 0 ) -I- ~~T- T 0 ; 

JVo ' 

as R«>7c fl (y — 1 ) this reduces to 

MT~ T 0 ) 3 ~ nhv (T-T„), (35) 

which shows that tlio heat expended is also simply 
proportional to the change of temperature of the 
working gas, and that this expands with an apparent 
specific heat which is constant and equal to 
K^=(y~n/l~n)k v ; K is negative for values of n 
between 1 and 7 and positive for all other values of n. 


In Fig. 10 values of y-njl-n, i.e. of K/k v , are 
plotted against values of n from n =0 to n = 2 . 

When ra = 0, K=k p ; when 71 = 1 , K= 00 , and the 
expansion is isothermal; when 71 = 4(7 + 1 ), K = — it • 
when n=y, K= 0 , and the expansion is adiabatic; 
and when n is greater than 7 , K increases with n 



towards k v as a limit. The curve is a rectangular 
hyperbola with asymptotes as indicated in Fig. 10. 

It is also to be noted that in expansion of the type 
pv n =constant, the change of internal energy, 
ft v (T— T 0 ), bears a constant ratio to the external 
work done, R/(l — n) . (T- T 0 ). If or we have 

Internal energy change k v (l—n) 1-n 
External work done ~ R ~y—T 
As ( 7 - 1) is always positive, the value of this ratio 
is positive if ?i be less than 1, and negative if n be 
greater than 1. When ?i = 1, the value is zero and 
the expansion isothermal; and when 71=7 the value 
is — 1 , and the expansion is adiabatic. 

The adiabatie equation (20) is, of course, immedi¬ 
ately derived from equation (35) by putting H=0, 
which obviously requires that 7—72 shall vanish; thus 

V 

n—y and the required equation is pa =constant, as 
already shown. 

§ (25) Entropy op a Perfect Gas. — In 
Fig. 1.1 A -3 and A,, are any two points on a 



pv diagram indicating any two conditions 
\p v v L , Tj, <p x ), and v 2 , T„ <&>) respectively 
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of unit mass of a perfect gas. It is required 
to express (<j 6 a - <p x ) in terms of p x , v v T,, p„, 

and To. ' 1 '' J ''. 

Through A x and A„ draw the isentropics 
(i.e. adiabatics) a l A x and A 2 A 2 ; then (<-/>, - </ h ) 

is known if J ffi/T can be calculated for any 
one path from any point on cqAj to any point 
on « 2 A a . This can be immediately done if 
the path be of constant pressure, or constant 
volume, or constant temperature, and the 
results in ea,eh case will be identical, thus : 

(i.) Constant Pressure Path. —Through A x 
draw the constant pressure line AjA', meeting 
the isentropic « 2 A 3 in A'. Let A (pp/T) be any 
intermediate point; then as p 1 v/p 1 v 1 =T/T 1 , 
we have w = w 1 /T J (T), and hence dv = v 1 /T 1 (dT) ; 
thus p t dv=PiV 1 /T 1 (dT) = RdT. 

Now by equations (9) and (13), expressing 
work-quantities in heat-units, we have 


or, as p^v^RdT, 

, , , P'cZT 




-(kv +R), 


4Iog.(|). . 


But, by equation (21), as A' and A., are both on 
the isentropic a x A a , 

T'=T,(|») 1_ ?; 
hence (37) becomes 


( f / J 2 ~ <P\)-h v log, (&) 
\ HJ \3V 


which expresses the difference of entropy 
sought in terms of the pressure and tempera¬ 
ture at A x and A a . 

As 2h v i =R1\, p 2 u 2 =RT a , wo have 

hence (38) becomes 

1 1 

fe-«=l»log,(&)^(S) ~y,. ,39) 

which expresses the difference of entropy in 
terms of the volume and temperature at A, 
and A a . 

This may be somewhat simplified; for 
K-yK : substituting therefore, equation ( 39 ) 
becomes 

(<h ~ log, (^j y 1 . (40) 

Or again,as T a /T i =p. i vjp 1 v 1 , equation (40) may 
be written 

(p 2 - f/q) = A, log, , . (41) 

\pyVjJ 

which expresses the difference of entropy in 
terms of the pressure and volume at A x and A 2 . 
Equations (38), (39), (40), (41) enable the 


difference of entropy between A t and A 2 to be 
calculated when any two of the variables p, v , 
T are known at each point. 

As along an adiabatic pv 1 is constant, if the 
value of this constant be denoted by j3 , 
equation (40) takes the simplo form 

( f />2 - </q) = A, log, . . . (42) 

(ii.) Constant Volume Path. —Referring again 
to Fig. 11, consider the change of entropy is 
proceeding along the constant volume path 
ApV between the two isentropics a x A t and 
A 2 A 2 . 

In this case dv = 0 , and therefore pdv= 0, 
no external work being done, hence we have 

*-M=^§Ulog, (?(). 

But A' and A a being on the same isentropic. 


and therefore 


(W" 1 

\TJ ~ \TJ [vj ’ 

and thus 

■ fe- 0 j=i.iog.(|) (a) 7 ' 1 ’... 

which is identical with equation (40). 

(hi.) Constant Temperature Path. — Lastly, 
consider an isothermal path, as ApV (Fig. 11) 
between the two isentropics. Then from 
equations (15) and (15') we have at once 

Klog„(£). 

As before, A' and A 2 being on the same isen¬ 
tropic, we have by equation (22) 

/«A y-1 


whence 


and accordingly 

W,-A)=RIog.(S) (A)~ l ; 

that is, as II = k v (y - 1 ), 

^ log,(|) (ft) 1 " 1 . 

which is equation (40) again. Thus, proceeding 
from A x to A 2 by the inter-isentropio paths of 
constant pressure, constant volume, or constant 
temperature, we are in each .case led to the 
result that the difference of entropy of A 2 and 
A i is expressed by k v log, (ft/ft), where j3 
is the adiabatic constant prA. 

§ (26) The Internal Combustion Engine 
“ Mixture. ”—All the preceding relations are 
strictly true only for an ideal perfect gas, 
which may be defined as a gas of which the 
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absolute temperature is simply proportional 
to the value of the product pv. For all the 
ordinary “ permanent ” gases the difference 
between the actual volmne, and the value of 
RT jp is so small that it is unnecessary to take 
it into account in investigations of the 
performance of internal combustion engines; 
in all such investigations it is therefore usual 
to assume that the effective temperature of 
the working mixture of gases is given by the 
value of the expression pv/ R, with a suitable 
value assigned to the constant R. Callenclar 
has stated 1 that the experimental evidence 
available indicates the error of this assumption 
to be certainly less than 1 per cent for a mixture 
at 2000° 0., the composition of the mixture 
being known. 

All internal combustion engines are essenti¬ 
ally air engines wherein the air is very suddenly 
and very intensely heated by causing chemical 
action to take place throughout its volume ; 
this is effected by “ carburetting ” the air, 
i.e. by mixing it with a relatively small 
quantity of some inflammable gas or vapour 
in order to produce an explosive mixture, 
and igniting this explosive mixture at a 
suitable instant. 

Before explosion the mixture consists of 
air (usually somewhat moist), earburetted with 
town’s gas, blast furnace gas, producer gas, 
“ fuel oil ” vapour, kerosene vapour, petrol 
vapour, benzol vapour, alcohol vapour, 
acetylene, etc. etc., dependent upon the 
inflammable agent used, and diluted to a 
varying degree with some of the exhaust 
products from the preceding cycle; after 
complete combustion, and during the working 
stroke, the mixture consists of nitrogen, steam, 
carbonic acid gas, and usually some excess 
oxygen. 

§ (27) Cycles oe Internal Combustion 
Engines. —The very numerous working cycles 
adopted, or suggested, in actual internal 
combustion engines are conveniently classified 
according to the condition in which the work¬ 
ing substance receives its heat, thus we have : 

Class I .—Cycles of combustion at constant 
temperature. 

Class II. —Cycles of combustion at constant 
pressure. 

Class 111. —Cycles of combustion at constant 
volume. 

§ (28) Class I. —The Carnot cycle, already 
fully considered,, typifies this class; all heat 
received is received at constant temperature T, 
and all heat rejected is rejected at some 
constant lower temperature t . The cycle is 
perfect, and therefore of maximum efficiency 
expressed by (1 - i/T) (vide also equation (32 / )). 

An indicator diagram drawn to scale for 
an engine working on this cycle with air 
between 300° C. and 700° C. only is shown 

1 Gaseous Explosions Committee, 1st Eeport, 1908. 


in Fig. 12. Although the maximum pressure 
attained in the case taken is about 52f> lbs. per 
sq. in., the mean effective pressure is only about 
11| lbs. per sq. in., or less than one forty-fifth 
of the maximum pressure. Tho engine would 
necessarily be designed to safely withstand 
the maximum pressure, and would thus be very 
heavy in relation to its power output. It 



has long been recognised, owing to this and 
other practical drawbacks, that tho (Jarnofc 
cycle is quite unsuitable as an actual working 
cycle, though, within recent years its adoption 
was seriously proposed by .Diesel 2 but soon 
abandoned in favour of the now well-known 
constant pressure cyole finally adopted in 
this type of engine. 

§ (29) Class II. “ Constant Pressure ” 
Cycles. — In this class are included tho 
American “ Drayton ” engine (1873), with 
Simon’s modified design, and also engines 
of tho modem highly economical “ Diesel ” 
and “ semi-Diesel ” types. 

The Brayton engine included a compressing 
pump and a working cylinder. The charge of 
earburetted air, taken in at atmosphorio 
pressure, was first compressed by tho pump 
and delivered into a receiver at a pressure 
of some 70 lbs. per sq. in. above atmosphere ; 
from, this receiver the working cylinder took 
its charge, the mixture being ignited on 
entering, inflammation of tho contents of tho 
receiver being prevented by the interposition 
of a fine wire-gauze screen somewhat in tho 
manner of action of tho Davy miner’s safety 
lamp. 

During tho first portion of the working 
stroke the working cylinder thus received its 
mixture in an ignited condition at a pressure 
nearly equal to that in tho receiver; at a 
suitable instant an inlet valve out off com¬ 
munication with tho receiver, the working 
stroke being then completed by the expansion 
of the flaming mixture contained in the 
cylinder. At the end of the stroke the exhaust 
valve was opened, and during tho return 
stroke the burnt gas was expelled into tho 
atmosphere, thus completing the cycle. 
a The Rational Heat Motor, Eng. ed. by Spon. 
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A working impulse occurred in every 
revolution, i.e. in every alternate stroke, so 
tliat tire Lrayton engine worked on wliat is 
noAv termed a ‘ two-stroke ” cycle; it will 
also be noted that in this engine the mode of 
ignition adopted increased not the pressure 
but the volume of the working mix ture, the 
pressure in the working cylinder never quite 
equalling that in the receiver. 

The cycle comprised five operations, viz. : 

gauging the pump with carburetted air. 
(o) Comjircssion of the charge into the 
receiver. 

(c) Admitting the (ignited) compressed 
charge to the working cylinder. „ 

(d) Expanding after cut-off in the working 

cylinder. b 

(e) Expelling the burnt gas during the return 
(exhaust) stroke. 

The ideal diagram of such a cycle is drawn 
by supposing no heating or throttling of the 
charge to occur during admission to the 
pump; no loss of the heat developed during 
compression into the receiver; no throttling 
of the charge on entering the working cylinder; 
no loss of heat by the flame to the workirm 
cylinder and piston ; no back pressure d urine 
exhaust; and complete expulsion of all the 
burnt gas at the end of exhaust, which implies 
the supposition of no clearance in the working 
cylinder. b 

Though these conditions cannot be actually 

blle y may be approximated to by 
skilled design. y 

The ideal diagram of the Brayton type of 
engine will therefore have the form shown in 
ancl lfc is convenient to exhibit the 

Diagram of Brayton Engine 
with Complete Expansion 
}DCrp„.u,.y Compare Fig.23 

.F (p .u .T.) 


cylinder at this pressure as indicated by BE 
the supply being cut off at F; thence the 
expansion is adiabatic, and it is first supposed 
that this expansion is continued until the 
pressure has fallen to that of the atmosphere 
at E. During the return stroke the burnt 
products are exhausted as indicated by the 
line EA, and the cycle is then complete.' 

The area ABCDA represents the work done 
by the compressing pump on the workirm 
mixture, while the area DEEAD represents 
the work ^ done by the mixture upon the 
working piston. The difference, represented 
by the area BC.FEB, accordingly represents 
the useful work done by the engine per cycle. 

Ihe notation adopted, is shown in Fig. 1 ,‘j ■ 
the heat supplied is that corresponding to the 
line CP, during which, the working mixture 
increases its volume at constant pressure, 
from v t to v v , and is accordingly expressed by 

Ii=/r„(T- t c ), . . . (43) 
wliile the heat rejected is that during the 
constant pressure exhaust period EB (regarded 
as compression at constant pressure), from 
volume v e to volume v 0 , and is accordingly 
given by b ,r 

h=h(T'-t 0 ). . . . (44) 

The efficiency, being the ratio of useful work 
done to heat supplied, is accordingly H - h/E, 

)'aaS\ wllioh > b) .y equations (43) and 

(44), becomes 


Efficiency = 1. 


T - V 


(45) 



(40) 


0 10 20 30 40 

For 7/6. of Air between Volume In Ou,Ft. 

800 and 2000°C.fAbs.) 

PIG. 13. 

diagrams of the pump ancl of the working 
cylinder superposed. 

AB represents the volume of the pump, 
AE that of the working cylinder; the carbu¬ 
retted charge is drawn in by the pump at 
atmospheric pressure AB, ancl compressed 
adiabatioally along BC to the receiver pressure 
of about 70 lbs. per sq. in. above atmosphere, 
and then forced into the receiver at this 
pressure as indicated by the line CD. 

Prom the receiver it enters the working 


But the expansion and compression curves 
being adiabatic®, we have by (22) (Property 1) 

v v__Ve 
V 0 ~V o ’ 

and as the working mixture obeys the law 
pv = ET. 

*■=? and 

»* <" n. U ’ 

and hence by (46) 

54', and 
*« to to T 

Accordingly 

to to ’ 

i.e. T v - 1 0 to 

4 to to 

Thus, by equation (45) the efficiency may ho 
simply expressed in the form 

Efficiency = ^1 - . (47) 

Hence when expansion is continued down to 
atmospheric (i.e. pump suction) pressure, the 
efficiency depends only upon the degree of 
compression BC. 

The efficiency may also be expressed in 
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terms of the equal ratios of adiabatic volume 
change; for if p denotes the ratio of adiabatic 
expansion vjv p , so that (1/p) denotes that of 
adiabatic compression (vjv 0 ) (by equation (46)), 
then by equation (22) we have 

(Hr-er* 

whence, by (47), 

Efficiency=1 - , . (48) 

which expresses the efficiency in terms of the 
compression ratio alone, and has the same 
form as for a Carnot cycle. It will be observed 
that the cycle is imperfect, as the efficiency 
1 - T'/T is necessarily always less than I - tj T. 

§ (80) Class II. ( continued ).—Actually, it 
was found to be impracticable to continue the 
expansion so far that the pressure at release 
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E had fallen to atmospheric, and accordingly 
the ideal practicable indicator diagram would 
bo as shown in Fig. 14. The efficiency is 
clearly less than in the case illustrated by 
Fig. 13, as, although the heat received remains 
unchanged, the useful work done per cycle 
is now reduced by an amount represented 
by the “ too ” of the diagram IrlEK. As 
before, the efficiency is expressed by 1 - 7i/H, 
whore li = Jc v (T - 1 0 ). The total heat rejected, 
h, is, however, now the sum of that rejected 
during the constant volume period IIK, and 
that rejected during the constant pressure 
period KB ; thus, now 


h = &„(T a - TO + b„(T' - t 0 ), . (49) 

and accordingly (as y — kjlcf), the efficiency 
is given by 

(60) 

This expression does hot admit of simplifica¬ 
tion in terms of the temperatures. 

We may thermodynamically consider that 
all the action takes place in a closed working 
cylinder v 0 , being the clearance volume 
initially Riled with a charge of mixture at 
pressure and temperature t e , the volume 
swept through by the working piston being 
(v a ~ v 0 ) per stroke. 

Let the total expansion ratio (vjv„) be 


denoted by X ; the expansion ratio at constant 
pressure (vjv c ) by <r; and the adiabatic com¬ 
pression ratio (vjv 0 ) by 1/p. Then by aid of 
equations (12) and (22) it is easily found that 
T = (rp y ~ L t 0 , T' = (X/p)t 0 , T 2 = cr 7 (X/p) 1 “\ > 
and t 0 =py~lt o . Whence, hy substitution in 
equation (50), and reduction, we obtain the 
result 

7-1 


Efficiency = 1 - 


(51) 


x / ^(X/p) 1 ~ 7 + ( 7 -l)(X/ P )- Y -j 
L (a- l)y } 

§(31) The Diesel Engine.— The other 
important cycle falling within Glass II. is that 
of the Diesel engine in its present form. As 
already stated, § (28), Diesel originally proposed 
to use the Carnot cycle, but in a paper read 
before the Paris Congress in 1900 he announced 
the cycle finally adopted after extended experi¬ 
ment as comprising the following five opera¬ 
tions performed during four strokes of the 
working piston, the same vessel acting alter¬ 
nately as compression pump and wor kin g 
cylinder (Fig. 15): 

(1) (1st Stroke).—Suction of air at atmo¬ 
spheric pressure LK. 

(2) (2nd Stroke).—Adiabatic compression 
of this air, ICC. 

(3) (3rd Stroke; First Portion).—Regulated 
admission of the carburetting agent (liquid 
or gaseous fuel) so as to maintain constant 



pressure during combustion for a portion of 
the working stroke CP. 

(4) (3rd Stroke; Second Portion).—Cut-off 
of fuel supply and adiabatic expansion of the 
heated mixture to the end of the working 
stroke PH. 

(5) (4th Stroke).—Opening of exhanst with 
immediate fall of pressure (and temperature) 
at constant volume HK, and subsequent 
expulsion of the burnt gases into the atmo¬ 
sphere during the exhaust stroke KL. 

This completes the cycle; it will be observed 
that one working stroke only occurs in every 
four, and the cycle is accordingly of the 
“ four-stroke ” type. 
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Prom Fig. 15 it is clear that the areas 
representing work done on the piston are : 

During suction .... +LKNM 
During compression . . . -KCMN 

During working stroke . . . +MCFHN 

During exhaust . . . . — KLMN 


• Net useful work per cycle = -fCFHKC 

Thermodynamically we may obviously 
consider that the same mass of air is constantly 
enclosed within the working cylinder, this 
being heated at constant pressure during CF, 
and cooled at constant volume during HK. 
Thus, in the ideal ease, the heat account is as 
follows: 

Heat received = H = h „(T - i c ). 

Heat rejected = li = — TO- 

Work done = (H - h) = k 9 (T - fj - jfe„( T 2 - T"). 
And therefore 


Efficiency = 1 - ~ 
xi 


1 M T 2" 
k v (T- 

= 1 - 


T) 

tc) 

1 T„ 


■ T' 


(52) 


Efficiency=1 - 


7 T -t L 

This is immediately deducible from equation 
(50), which is reduced to the Diesel cycle by 
putting t 0 = T'. 

Similarly, referring to equation (51), this 
reduces to the Diesel ease by putting X —p ; 
and thus we have for the Diesel cycle : 

" ^ o7 — 1 

x (7Tiyy (53) 

where 1/p is the ratio of adiabatic compression 
( v d v e)> an( I <f is the ratio of expansion at 
constant pressure (v v /v e ). 

This case includes also that of the numerous 
so-called “ semi-Diesel ” engines, as, e.g., of 
the Petter, Blackstone, Ruston, etc., designs. 

As the constant pressure expansion ratio, 
<r, is reduced towards the value unity, the 
value of the efficiency given by equation (53) 
continually approaches towards the limiting 
value 1 ~(l/p) y ~ l . 

This conclusion of theory is apparently 
realised in practice. In Diesel engines the 
power is reduced by diminishing the extent 
of the constant pressure expansion, i.e. by 
reducing a ; the following figures from tests 
made by Mr. Ade Clark show the indicated 
thermal efficiencies obtained: 


§ (32) Class TIT. The “ Constant Volume ” 
Cycle. —In this class is included by far tlio 
largest number of actual internal combustion 
engines, ranging from the early Lenoir and 
Hugon types to the modern Clerk two-stroko, 
and de Rochas, or Otto, four-stroke designs. 
A very large proportion of the enormous 
number of small internal combustion engines 
of the present day are worked on the Otto 
“four-stroke” cycle, while the Clerk two- 
stroke cycle is extensively adopted in the 
larger types of stationary gas engines. 

The Lenoir Engine. —• In the Lenoir gas 
engine (1800)—now completely obsolete on 
account of its very low efficiency—the mode 
of working was evidently inspired by that of 
the ordinary steam engine. During the first 
portion of the stroke the working piston drew 
into the cylinder a charge of coal gas and air 
at atmospheric pressure ; at an arranged point 
a slide valve cut off the supply, and simul¬ 
taneously the charge within the cylinder was 
ignited, the temperature (and consequently' 
the pressure) suddenly rising greatly; the 
working stroke was then completed’by the 
expansion of this mass of heated high-prossuro 
gas ; during the return stroke the burnt gases 
were exhausted into the atmosphere, thus 
completing the cycle. 

Further following the steam engine, this 
cycle was caused to occur alternately on each 
side of the working piston, thus making the 
engine “ double - acting ” ; thus a working 
impulse was obtained in every stroke. The 
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Lenoir engine worked very quietly and 
smoothly, but was abandoned on account of 
its verv Inch consuirmtimi , fna .c.,..,. 


Engine. 

Revolutions 

per 

Indicated Thermal Efficiency at 


Minute. 

1 Load. 

i Load. 

:[ Load. 

Full Load. 

80 H.P. Diesel 

160 

•375 

■412 


■389 

160 H.P. Diesel 

157 

■371 

■427 

■402 

•397 


perfect ” class. 


clearly of the “im- 


of more economical types. 
The ideal diagram is shown 
in Fig. 1(5, wherein it is sup¬ 
posed that the cylinder has 
no clearance and that the 
expansion is carried so far 
that the pressure at the 
end of the stroke is that of 
the atmosphere. The volume 
swept through per stroke by the piston is AE : 
uring the portion AB the carburetted charge 
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is drawn in at atmospheric pressure, doing work 
on the piston represented by the area + ABMO. 
At B cut-off occurs, and simultaneously the 
charge is ignited, explosion takes place, and 
the pressure suddenly rises as indicated by 13 k. 
The heated charge then expands adiabatic- 
ally, along FE, to atmospheric pressure at the 
end of the stroke E, doing a, further amount 
of work on the piston represented by the 
area + MEEN ; at E the exhaust opens, and 
during the return stroke the burnt charge 
is expelled into the atmosphere, negative 
work being done upon the piston represented 
by the area - EAON; this completes the cycle. 

The work account is therefore given by 
ABMO + MEEN -EAON or BEEB ; thus the 
useful work done per cycle is represented by 
the area BEEB. 

Thermodynamically the action is regarded 
as taking place in a mass of air (regarded as a 
perfect gas) contained within a closed cylinder 
having a clearance volume AB, and piston 
displacement volume BE. Initially, at B, the 
clearance volume contains air at {p 0 v 0 t 0 ); 
heat is suddenly communicated, raising the 
pressure, at unchanged volume, to <p 6 ; 
adiabatic expansion then occurs to E ; and 
during the return stroke heat is abstracted 
from the air at constant pressure from volume 
v a to volume v 0 . In this ideal case we have 
therefore 

Heat received = II = k v { T - 1 0 ), 

Heat rejected = h — k v { T' — f u ), 

Useful work done 

~(K-h)~k v (T-t 0 )-k v (T-t 0 ), 

Efficiency=1 — jjj- = 1 — k, ,(T' — f 0 )/ 7 tf v (T “ K)> 
i.c. Efficiency = 1- 7 -^—-^. • (84) 

This result may bo otherwise expressed in three 
ways ; for by equation (12) (T/4) = (2>o/2 ) o) = H—the 
ratio of maximum to atmospheric pressure, while 
(T'/io) = (!><,/?)(,)— /), the ratio of adiabatic expansion. 
Hence (54) may be written 

Efficiency = 1- y . . (55) 

Again, by equation (22) 

T = (^j y ~ J T'= P y ~ 1 T' 
as T '=pl 0 . Ilenoo (54) may also bo written 

Efficiency= 1 - 7 -™-?. • • (50) 

Lastly, as py«=(T// 0 ), equation (50) becomes, in 
terms of the ratio of the explosion temperature to 
the initial temperature, 

Efficienoy=l —7^/r^ 1 - ■ • (W) 

In general it was not found practicable to continue 
the expansion until atmospheric pressure was 
reached, the more usual case being that in which 
the pressure at the end of the stroke cxcoodod that 
of the atmosphere. The ideal diagram in this case 


is shown in Fig. 17 ; and it is clear that the heat 
received, H, is the same as in the preceding ease, 
viz. H. = 7c„(T; the heat rejected, /(, is, however, 
now the sum of that during the constant volume 
drop HK, and the constant pressure shrinkage KB, 
and thus 

7t = &d(T 2 - T') + 7cj)( r I v -to)- 
Hence the efficiency, l-7t/H, is expressed by 


Efficiency = 1- 


i.e. Efficiency = 1 


fc„(T a -T' H-fe a ,(T 
L„"(T -- to) 

T') -|-7(T'-f») 


U) 


(T 9 


(T -/«,) 


(58) 


Denote, as before, the ratio of adiabatic expansion 
(«(,/«„) by p , and the ratio of explosion pressure to 
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atmospheric pressure by II. Then T ™lI/ 0 ; T' ~=pta ; 
and by equation (22) T 2 -T(l/p)V" J -ll(l/p)7“ 
Accordingly equation (58) may also bo written 

(59) 


, 11(1 lp)V 

Efficiency == 1 ...— ,, 


or again, in terms of the ratio (T/7 0 ) only, 


Efficiency = 1 


_ P\P ~ 


«(T/7„- 1)} +(£; 

~ (i/g-i 


1)7 


(( 10 ) 


when T a =°T', n(l//i)Y" 1 »p, and equation (59) then 
reduces to equation (55). Also as II»»T/fo«*pY when 
T*«T', equation (00) then reduces to equation (57). 
The efficiency is dearly less in this than in the pro¬ 
coding ease, since, with the sumo expenditure of heat, 
the useful work area is less by the amount KHB, duo 
to tho incomplete expansion. 


§ (33) Glass III ( continued ). (i.) The, 
Free Piston Engine. — Tho Lenoir typo _ of 
engine was superseded by a singular design 
originally proposed by Barsanti and Mattucoi 
(1857), but first rendered practicable by Otto 
and Langen in their “ Free Piston Engine ” 
of 18(37. This essentially comprised a very 
long vortical cylinder fitted with a heavy 
free piston beneath which a charge of 
carburetted air was exploded, driving the 
piston upwards as a projectile is driven from a 
gun ; the heavy piston acquired considerable 
momentum, and continued its upward motion 
until the working mixture had! expanded to 
about six times its original volume and to 
a pressure considerably below that of the 
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atmosphere. During its descent by gravity, 
and excess atmospheric pressure upon its 
upper surface, it engaged with, and drove, 
the crank-shaft through a ratchet and pawl 
device. The engine was excessively noisy 
and mechanically unsatisfactory, but the 
rapid and extended expansion, and subsequent 
slower cooling, of the working mixture 
resulted in a considerably increased efficiency 
compared with earlier types. 

An ideal diagram is shown in Fig. 18; 
the charge of carburetted air at atmospheric 
pressure p 0 and temperature t 0 is drawn into 
the cylinder as indicated by AB, and exploded 
at constant volume v 0 (=AB), its pressure 
rising to p c and temperature to T as indicated 
by BE; the piston immediately rises rapidly, 
the charge expanding adiabatically to E when 
the piston momentarily stops. The downward 
(working) stroke now follows under the com¬ 
bined action of gravity and excess atmospheric 
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pressure, the mixture being compressed 
isothemally from E to B-due to the slowness 
ot the working stroke, and finally expelled 
at constant pressure as indicated by BA. 

hv b ft f ° re ’ tlie ™! work done is represented 

simr! !pri ar p a BFEI ; clearI y also the heat 
supplied, J±, is expressed hv H = Z* IT t) 

while the heat rejected, h, is g iv en by 

1 Rt ° lo & er > where r 13 the ratio of isothermal 
compression (vjv 0 ); vide § (18). 

Hence the efficiency = 1 -A.-i Rt ° lo Se r 


i.e. as R = Z; -F 


H ~k v (T~t 0 )’ 


Efficiency=1 _ (7r 1 )kg« r 

y 1 

This may be further simphfied and expressed in 
erms of the ratio (T jt 0 ) only; for by equation (22) 
1 =(T, jl 0 ), and .-. ( 7 -l) w r= j 0 /mi, , 
and accordingly equation (61) reduefs to (T/ o) ' 

Efficiency=l-^i?A) ( . . (C2) 


(ii.) The Beau dc Bariaus, nr (Hlu , ami 
the Clerk Cycled .—.Finally there remain (o 
he considered engines working upon the 
Beau de Rochas, or Otto, “ four - siroko,” 
and the Clerk “two-stroke” eyelos, wliieh 
may be considered to include between them 
all internal combustion ongines of the pin,sent 
day. In all those engines combustion 
is caused to occur at constant volume 
with previous compression of the working 
charge. 

§ (34) The Cmork Cram-.The first enso 

to be taken is that in which.-as in tlm 

Clerk cycle — the engine comprises a com¬ 
pression pump and separate working cylinder, 
the compressing pump taking in ‘a 
buretted charge at atmospheric pressure and 
temperature and compressing this either 
directly into the combustion chamber of tlm 
working cylinder, or into an intermediate 
receiver from which the working cylinder in 
turn takes its compressed charge, which is then 
ignited (exploded) at constant volume, ami 
performs the working stroke by its subsequent 
expansion. 

. Six separate operations may bo here dis¬ 
tinguished, viz. ; 

(1) Pump suction—Charging the pump 
with carburetted air. 

(2) Pump Compression—-(.itimpressing the 
charge into the receiver, or combustion 
chamber of working cylinder. 

(3) Supply of compressed charge from 
receiver to working cylinder, when receiver 
is included. 

. W Explosion of charge at constant volume 
m working cylinder. 

(5). Expansion of exploded charge during 
working stroke, h 

(0) Expulsion of exhaust gases at the end 
of the working stroke. 

In considering an ideal diagram for tin's 
case the following assumptions are made • 

JSyjT* th “ 0, "" K " “ »'«»- 

. ( 2 ) -flui-t none of the' heat of compression 
IS lost in the receiver. 1 

(3) That the charge is neither heated nor 
cooled on entering the combustion chamber of 
the working cylinder. 

nJJi Tll!V f **£ ex l ,loaion Gi'curs instantimo- 

wffiDnni Wlth 1 01lt an y loHH of to the 

m m, L10 coml) UHtiott chamber. 

(5) Iliat the expansion during the working 

stroke is adiabatic, U that no heat exelmn'm 
takes place with the cylinder walls, or piston 
crown, during expansion. 1 

(6) That there are no losses by throttling 

or back pressure. J wun f’ 

An ideal diagram embodying these assimm 
turns is shown in Fin. 10 whemi, / • 1 

supposed that tile expansion is' oonthiiN so 
far that the prossnro has faUon to “ 
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the atmosphere — a condition not practi¬ 
cally attainable, and also that the working 
cylinder has no clearance ; thus , the pump 
volume is AB, and the working cylinder 
volume AE. 

During the pump suction stroke a volume of 
carburetted air is taken in at atmospheric 
pressure and temperature represented by AB, 
doing work +OABK upon the pump piston. 



This is next compressed adiabatieally along 
BO and delivered into the receiver at the 
constant pressure p e along CQ; thus the 
pump diagram is - OKBGQO. 

The charge next enters tire cylinder along 
QC, doing work +OQCM upon the working 
piston, and is then exploded at constant 
volume v c , the pressure instantly rising as 
indicated by CE, with subsequent adiabatic 
expansion FE, to atmospheric pressure at E, 
doing work upon the piston represented by 
-|- MFENM. At E the exhaust opens and the 
burnt gases are expelled at atmospheric pres¬ 
sure p 0 , doing work represented by - EAON ; 
this completes the cycle. 

The work account is therefore 

+ OABK - OKBGQO + OQCM 

+ MFENM - EAON= + BOFEB, 

and thus the useful work dono per cycle is 
represented by the enclosed area BOFEB. 

Thermodynamically the whole action may 
be conceived as taking place in a closed 
cylinder of clearance volume AL, LE being 
the volume swept through by the piston. 
Commencing at the point 0, heat H is added 
to the charge to an amount given by the equa¬ 
tion 12L=sk v (T-t e ) ; during expansion there is 
no communication of heat; during exhaust 
from E to B heat, h, is rejected, given by 
7i~k v (T' ~l 0 ); while during compression BO 
there is no communication of heat. 

Hence the efficiency, 1 - Tij H, is expressed 
by 

Efficiency = 1 - ~ 1 “ _J°~- ( 63 ) 

Tlio efficiency may also be expressed in terms 


of T, t 0 , and the ratio of adiabatic compression 
1 jp = (v c /v 0 ), For, by equation (22), 


and 

But also 


wlieneo 


t G — pi bo ; 



Vg AjA A f 1 \ /'to 

Vg ^ \VoJ \VJ ~ \P/ VJ-'/ 
T'-('") 1 “ 1/y T l/ h 


Thus (03) may bo written 

GA 1 ~ 1 /y /T\ 


Efficiency = l — y- 


(?) 




© 


..y -1 


(04) 


As p-iicltv) 11 y~\ and T^(tolf>V~ 1/yr V Vy , it 
follows that 



1/y 


<0B) 


which expresses tho relation between tilts temperatures 
at tho four corners of the diagram. 

If, as in previous eases, tho total expansion ratio 
(v e jv 0 ) ho denoted by X, then 


but 

whence 



Hence, as 


to — P 1* b 0 , 


wo have, on substituting in equation (08) andredueing, 
the expression for the efficiency in terms of the total 
expansion and ndiabatio compression ratios alone, 


Effioioney=l — 


/I\ y -1 7( x/ />-1) 

\pJ (Xh>)Y- 1 * 


( 00 ) 


As p approaches X in value this expression continually 
approximates to 1 —(1 /p)V“I as a limiting value. 


§ (35) Tun CeiBbk Oyomu with Ikoomwasth 
Expansion. —Actually it has not boon found 
practicable to continue the expansion so far 
that tho pressuro falls to that of tho atmo¬ 
sphere ; tho next case for consideration, 
therefore, is that in which tho prossuro at 
the end of expansion exceeds that of the 
atmosphere. 

An ideal diagram is shown in :?%. 20; 
as before, tho heat supplied is H--& 1) (T~i n ), 
while the heat rejected is now given by 

h— A„(T a - r I v ) -h k p (T ~ i 0 ). 

Hence the efficiency, 1 - hfll, is given by 

K«cion 0 y=l-fflXD±7(5TW m 

X —j 

As T a =T(l/Xjy - Mo - t g py ~ 1, and T' = (X/p)/ u , 
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we have on substitution and rearrangement 
from equation (67) 

Efficiency = 1 _ ~ y + (y~ l)(X/p) - 7 
. (T/g-pv-1 



, ( 68 ) 
when T a =T', (T %)=X% and (68) then re¬ 
duces to the previous case, viz. equation (66). 


Clerk Cycle Diagram 
Incomplete Expansion 
Compare Fig. 28 


io ^ 2 qK 1 3 Q ' ' V 
For Ub. of Air between Volume in Ou Ft 
300°and 2000°C. (Aba.) 

i’lU. 20. 

§ (36) The Beatt de Roohas, or Otto, 
Cycle. The last and most important of 
all cycles of internal combustion engines 
is the “constant volume” cycle first pro¬ 
posed by Beau de Rochas in 1862, and 
practically realised by Dr. Otto in his 
famous Otto Silent ” “ gas engine ” of 
1876. 

In this cycle there is no separate compressing 
pump, its function being discharged by the 
woiking cylinder itself. The sequence of 
operations is as follows, “ stroke ” referring 
to that of the working piston : , 

(1) Suction of carburetted charge of air 
during the whole of the first out-stroke. 

(2) Compression of the charge into the 
combustion chamber of the cylinder during 
the whole of the first in-stroke. 

. ( 3 ) Explosion of charge at end of first 
m-stroke. 

(4) Expansion of heated charge during the 
whole of the second out-stroke; this is the 

working stroke.” 

(5) Exhaust of the burnt gases into the 
atmosphere during the whole of the second 
in-stroke. 

Thus the cycle requires for its per¬ 
formance four consecutive strokes of the 
working piston, whence the term “four- 
stroke ” cycle ; and only one working impulse 
is obtained for each two revolutions of the 
crank-shaft. 

An ideal diagram is shown in Fin. 21. 
During the first out-stroke the piston draws in 
the charge at atmospheric pressure, along LK 
work being done on the piston represented by 
the area + MLKN. During the return stroke 
the volume AK is adiabatically compressed 

along KC to QG, the work done being repre¬ 
sented by - NKCMN. ‘■’cmg repre- 


Explosion is caused to occur at C, and the 
pressure instantly rises, at constant volume, 
as indicated by CG; during the second 
out-stroke the heated gases expand adiabatic¬ 
ally along EH, doing work on the piston repre¬ 
sented by + MFHNM, and at H the exhaust 
is opened to the atmosphere causing instant 
drop of pressure at constant volume HK 
During the second in-stroke the burnt gases are 
expelled along KL into the atmosphere 
work being done represented by - NKLM • 
this completes the cyclo. The work account 
is therefore 

+ MLKN - NKCMN-|- M.F.HNM 

- NKLM = + CFHKC ; 

thus CFHKC represents the useful work done 
per cycle. 

Thermodynamically the action may bo 
conceived as taking place in the same mass of 
air always enclosed in the working cylinder 
and subjected to the operations'indicated hv 
KC, CF, F1I, and IIK ; thus the heat received 
is H = / fll) (T~g; while the heat rejeetccUs 
l l ~ &h(T 2 - 1 0 ). Iienco the efficiency, 1- h/ii 
is given by the equation ' 

Efficiency == 1 - . . ( G Q) 

This may bo simplified and expressed in two other 
important ways. For by equation (12) and § (22) 



Prop. 2, we havo T 2 /i( 0 » p e /p 0 =, F/p„ = T/u 
AcTordingly ' L ’ 2/T ’ ttn<1 als ° T * “ ^ ~ “ W'. “ '4/T. 


Efficiency ™1~ * 


(70) 

and thus in this cycle the efficiency depends, in tho 
idea 1 case, only upon tho ratio of the absolute 
temperatures at the beginning and end of compression, 
and is mdqiendcnt of the explosion temperature. 
Obviously (70) may also bo written 

Efficiency1 - (T a /T), 

which expresses it in terms of the ratio of absolute 
temperatures at the beginning and end of oxpau- 

“ 1 ° b . vi0 ™ that tllG c y° le * “ Imperfect.” 
J-he second important simplification of (09) is 
the expression for the efficiency in terms of the 
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(adiabatic) ratio of compression (1/p). We have 
by equation (22) 

©-Gr-er- 

heneo by (70) 

Efficiency=1— > * • (71) 

showing that in the ideal Otto cycle the efficiency 
depends upon the compression ratio alone. 

§ (37) EffffioiENCY Formulae. —On compar¬ 
ing equations (32'), (48), and (71) the interest¬ 
ing fact emerges (first pointed out by Callendar) 
that in the three typical ideal cycles of constant 
temperature, constant pressure, and constant 
volume, the efficiency is expressed by the 
same formula, viz. 

Efficiency = 1 - Q 7 , . (71) 

where (1/p) is the ratio of adiabatic compres¬ 
sion, and is thus the same, for the same value 
of p, in all three eases. 

It must be remembered, however, that in 
the constant temperature (Carnot) cycle the 
adiabatic compression raises the temperature 
of the working substance through the whole 
range from the lowest to the highest between 
which the engine works, whence in this case 
the value of the efficiency is an absolute 
maximum, as has been shown. In the other 
two cases the adiabatic compression does not 
raise the substance from the lowest to the 
highest temperature, and the expression for 
the efficiency has a value necessarily loss than 
in the Carnot case, though a maximum in 
each case for the particular cycle considered ; 
those are, therefore, “ imperfect ” cycles in 
the sense as explained in § (2) supra. 

In the constant temperature cycle all heat 
is received and rejected at constant tempera¬ 
ture ; in the cycles of constant pressure and 
constant volume heat is received at rising, 
and rejected at falling, temperature; also in 
the Carnot and Brayton cycles the expansion 
is “ complete,” which is not tho case in tho 
Otto cycle. Examination of equations (51), 
(53), and ((>(>) shows tho manner in which the 
value of the efficiency is further diminished by 
changes in the cycles imposed by practical 
considerations. 

§ (38) Temperature - entropy Diagrams 
or Typical Cycles.—I n Figs. 22-29 are 
shown T-r/> diagrams for the typical oycles 
of Classes I., II., and III., together with 
actual numerical values of maximum efficiency 
for uniform upper and lower absolute tem¬ 
perature limits assumed at 2000° C. and 
300° 0. respectively. Fig. 22 shows the T - </> 
diagram for the constant temperature Carnot 
cycle; as already pointed out (vide Fig. 6 and 
text) this takes the form of a rectangle, and 
the efficiency—which is independent of the 


breadth of the rectangle—-is here an absolute 
maximum in value of 1 -300/2000 = 0-85. 

§ (39) The Brayton Engine.— Fig. 23 
shows the T - r/> diagram of the constant 
pressure cycle of the Brayton engine, with 
complete expansion, as described in § (29) and 
Fig. 13. The entropy along the adiabatic 


T-</> Diagram for "Constant Temp™ (Carnot) Cycle 


T 
2000 


Q.1000 

£ 


Com para Figs. 0& 12 


E 

<S/t 


Isothermal Expansion at T 
T=2000°C.: t=300°C.(Abs.) 

Efflolonoy-’~ = 0-86 *>? 


Isothermal Compresslonat t 0 


M 


+ CM +0-2 +0-3 

Entropy from cp a 

’Em. 22. 


compression is taken as an arbitrary zero ; 
thus on any vertical, as MI in Fig. 23, take 
the point B at tho 300° C. level. Then, by 
aid of equation (21), t 0 = (pJp 0 )y~Vy, and 
taking p 0 =70 lbs. per sq. in. and p u = 14-7 lbs. 
per sq. in., determines i c — 408° 0. ; tills gives 
tho point C on MI and thus determines BC, 
the isentropie corresponding to tho adiabatic 
compression of Fig. 13. Through 0 draw the 
curve whose equation is </> = h v log,. (t/t c ) (see 
equation (38)), and lot this cut a horizontal 


T-<f> Diagram of' Constant Pressure" (Bray ton) Cycle 
with Complete Expansion, Compare Fig. 18 



through 2000° (I in F; then OF on Fig. 23 re¬ 
presents tho constant pressure expansion lino 
of Fig. 13. Through F draw a vertical meeting 
the ourve </> log,, (tjt 0 ) in E; then FE is 
the isentropie corresponding to the adiabatic 
expansion line in Fig. 13, while the ourve EB 
represents the oonstant pressure compression 
of Fig. 13. 

Agreeably with equation (10) (see also Fig. 5) 
the efficiency in this case is expressed by the 
ratio Area BCFE/Area MCFN, which, by direct 
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planimetric measurement—as may be verified 
by calculation from equation (45)—has hero 
the value 0-36. 

The corresponding Carnot engine would take 
in heat MIEN, and reject heat N3BM, with 
corresponding efficiency of 0-85, The Brayton 
engine takes in the smaller quantity of heat 
MCFN and rejects the larger quantity NEBM, 
with resultant reduction in the value of its 
efficiency to 0-36. 

§ (40) The Brayton Engine with Incom¬ 
plete Expansion. — Fig. 24 shows the T - (p 
diagram of the Brayton engine with incomplete 


T~<j> Diagram of“Constant Pressure"(Brayton) Cycle 
with Incomplete Expansion. Compare Fig.14 



is assumed at the value usual in practice, 
viz. 500 lbs. per sq. in., and T = 2000° C. 

Then by equation (21) 

t'e^dPolPo) 1 - 1 ** T / =S33 n C.; 
thus the points K and C may bo determined, 
and KC on Fig. 25 is then the isontropic 
corresponding to the adiabatic compression of 
Fig. 15. 

Through C the curve (f>~lc v log„ (t/t e ) is 
next drawn, cutting a horizontal through 
2000° 0. at P, while through K the curve 
<j>=1c v log c (tjV) is drawn cutting a vertical 
through P in H. Then PH is the isentropic 
corresponding to the adiabatic expansion, and 
IIK corresponds to the constant volume 
pressure drop at release of Fig. 15. 

For the efficiency in this case, either by cal¬ 
culation from equation (52) or by direct measure¬ 
ment from the diagram of the ratio, wo have for 
the Area KCFHK/Aroa MCFNM the value 0*55, 

§ (42) The Lenoir Engine. —In Fig. 2(5 is 
shown the T - <j> diagram of the now entirely 
obsolete Class III. Lenoir engine, with com¬ 
plete expansion, whoso pv diagram is shown 
in Fig. 16. The diagram is constructed by 
taking the point B at 300° C. on any vertical 
and drawing through this point the curve 
<j> = 7c„ log e {tjl n ) outting a horizontal through 
2000° C. in P; thus BP represents tho 


expansion, as shown in the pv diagram, Fig. 
14. The temperature T- at release H is taken 
as 1450° C., and the drop of pressure HK at 
constant volume in Fig. 14 is represented on 
the T - <(> diagram by the curved lino HK 
calculated from the equation 0 = /c„ log# (T 2 /£). 

Fig. 24 differs from Fig. 23 only in the 
useful heat area being reduced by the amount 
EHK, which thus represents, in this case, the 
loss caused by incomplete expansion, and 
reduces the efficiency from 0-36 to 033. 

§ (41) Tins Diesel Engine. —Tho T - cf> 
diagram of tho Diesel engine is given in 


T-0 

T 


Diagram for n Constant Pressure" (Diesel) Cycle 
| Compare Fig.15 


T-<j> Diagram fornConstant Volume”(Lenoir) Cyela 




Fig. 25. Initially (see Fig. 15) T' = 300° C., 
p 0 ~atmospheric pressure (14-7 lbs.), while p B 


constant volume pressure increaso duo to the 
explosion (Fig. 16). Through If draw a 
vertical, and through B draw the curve 
<l> — k v loge (tjt. 0 ) meeting this vertical in E; 
then tho isentropic, PE corresponds to the 
period of adiabatic expansion, and the curve 
EB to the constant pressure compression, of 
Fig. 16; the point E obviously gives the 
temperature T, here 1162° 0., as may be 
verified by direct calculation. 


Efficiency= 


Area BPE 
AriiTMBENM” 


0-29, 


as may also be determined by equation (54). 

The dotted line HK on Fig. 26 is the 
modification in the T -<j> diagram due to 
incomplete expansion (compare Fig. 17), the 
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temperature at release H is assumed at i 
1400° C., and tiro curve HK is plotted from the 
equation </> = k v loge (1400//,) where </> is the 
defect of entropy below that of H, viz. 0-321. 
The efficiency, being the value of the ratio 
Area BFHKB/Aroa MBENM, is now reduced 
to 0-25. 

§ (43) Frbu Piston Engine. —The ideal 
T-</> diagram of the Otto and Haugen free 
piston engine is shown in Fig. 27, with which 
Fig. 18 may be compared. Tho initial point 
is B at 300° C. and the explosion raises 
tho temperature, at constant volume, to 2000° 
0. ; this is represented on the diagram by 
tho curve BIT, plotted from the equation 
(/>-~.k v log,, (///„), cutting a horizontal through 
2000” C. in F. The vertical FE is the isen- 
tropio corresponding to the subsequent adia¬ 
batic expansion during the rise of the heavy 
free piston, while the horizontal line EB 
represents the isothermal compression of 
tho gases during the working down-stroke. 
Tho efficiency, either by direct measurement 


EB represents the operation of compression at 
constant pressure. 

When the expansion is incomplete, assuming 
that at release the temperature is 1000 c C., 
the curve HK, plotted from the equation 

T=2000°C. : t o -300°C. (Abs.) 

Efficiency 



T-<j> Diagram of "Constant Volume” (Free Piston) Engine 



0-235 -</> = &„ loge (1000//), is the T-</> line 
corresponding to the pressure drop at release, 
with corresponding Toss of useful work-heat 
represented by the area EHK. 

By measurement from the diagram of the 
ratio Area BCFEB/Area MCENM, or by calcu¬ 
lation from equation (63), the efficiency with the 
data assumed, when the expansion is complete, 
will be found to have the value 0-52. In the 
case, as taken, of incomplete expansion, the 
efficiency is reduced in value to 0-48. ^ 

§ (45) Otto Engine. —In Fig. 29 is ^shown 
the T -<p diagram of the “ Otto ” or . Beau 
de Rochas ” cycle, of which the pv diagram 


from the diagram of the value of tho ratio 
Area BEEB/Arca MBFNM, or by calculation 
from equation (02), has here the relatively high 
value 0-00; comparison with the previous 
diagram {Fig. 26) clearly shows the manner m 
which the efficiency is increased in value as a 
result of the compression being isothermal 


instead of at constant pressure. 

§.(44) Clerk Engine. —The T -</> diagram 
for tho Clerk constant-volume cycle, both with 
complete and incomplete expansion, is shown 
in Fig. 28 ; compare Figs. 19 and 20. The 
initial point B is at 300° C. and the compression 
temperature /„ is assumed at 500 G. ; thus 
BO is tho isentropio of adiabatic compression. 

The ourvo OF representing rise of tem¬ 
perature at constant volume (i.e. explosion) 
is next plotted from the adiabatic equation 
<A sa k„ log e ({/BOO), and by its intersection with 
a horizontal through 2000° C. determines 
E; a vortical through E then meets the 
curve = log* (i/300) at E, and EE is then 
the isentropio of adiabatic expansion, while 


T-Cp Diagram of "Constant Volume”(Otfco) Cycle 


T 


Compare Fig. 21 
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F 
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Lven in Fig. 21. As before, the initial 
t K is taken, on any vertical, at 3UU o. , 
temperature of compression t e , ^assumed 
00° C • hence the vertical line KC is tne 
tropic of adiabatic compression. 

rom C the curve </> — K (I 2000° C 
ted, cutting a horizontal through 2000 G. 


VOL. I 
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in F; then the curve OF represents the 
increase of entropy during the explosion. 
Through F a vertical is drawn intersecting the 
curve <p=Jc v log t - (</300) in H; then FII is the 
isentropic of adiabatic expansion, and the 
curve HK corresponds to the drop of pressure 
at constant volume which occurs at release. 

The efficiency, either by direct measurement 
of the ratio Area KCFHK./Area MCFNM, or by 
calculation from equation (70) has here the 
value 0-5. 

§ (46) Ideal Efficiencies. —Hence for .a 
temperature range from 2000° 0. (abs.) to 
300° 0., and with the other data assumed in 
the foregoing paragraphs, the maxima ideal 
efficiencies in the several cases considered 
have the following values : 

Carnot (constant temperature) . . . 0*85 

Otto and Langon free piston (constant volume) 0*06 

Diesel (constant pressure).0-55 

Clerk (constant volume), with complete 

expansion.< . • 0*52 

Clerk (constant volume), with incomplete 

expansion.0-48 

Otto (constant volume).0-50 

Brayton (constant pressure), with complete 

expansion.0-30 

Brayton (constant pressure), with incomplete 

expansion.0-33 

Lenoir (constant volume), with complete 

expansion.* .0*29 

Lenoir (constant volume), with incomplete 

expansion.0*25 

§ (47) Practical Considerations. — Thus 
the efficiency of the Carnot “ Perfect ” cycle is 
substantially greater than that of any of the 
others, while the Otto and Langen engine has 
an efficiency—when isothermal compression 
is realised—second only to that of the Carnot. 

For the purposes of practical power produc¬ 
tion, however, it is not enough that a cycle 
should be of high ideal efficiency ; in order that 
an engine may be practicable it is necessary, 
inter alia, (I) that its cycle can be effectively 
performed in a very short time, and (2) that 
the ratio of mean effective pressure to maxi¬ 
mum pressure shall be as high as possible. 
If (I) cannot be attained the engine can 
only run slo wly, and is thus bulky and weighty 
in relation to the power developed by it. If 
(2) is not realised, then since the engine must 
be designed to withstand the maximum 
pressure developed it is necessarily weighty and 
costly relatively to its power output. 

These two conditions have, so far, practically 
excluded all but the Otto, Diesel, and Clerk 
cycles, and it is of interest to determine in 
the several oases of § (46), the values of the 
maximum pressure, the mean effective pres¬ 
sure, and the ratio of these. 

The mean effective pressure, p m , is the 
average height of the closed figure on the p v 
diagram representing the useful woi’k U 
(ft.-lbs,) done per cycle; if p m be in lbs. per 


sq. in., and if V be the greatest, and v the 
least, volume (in cub. ft.) of the working 
substance, then 

U 

^ m = 144(V- w ) ll)S * Per «1- m. . (72) 

The maximum pressure developed will be 
denoted by P, and in each case it is considered 
that the engine uses 1 lb. of air, initially at 
atmospheric pressure of 14*7 lbs. per sq. in. 
and temperature t a = 300° C. (abs.), whence, 
by equation (12'), its volume *; 0 = 13*6 cub. ft. 

§ (48) Maximum Pressures. The Carnot 
Cycle ; Value of pj P.—The calculation here 
is conveniently conducted as follows: As 
T — 2000° C. and f„=300° C. wo have, by equa¬ 
tion (32), for the value of the adiabatic ratios 
/> = (2000/300)2-45 = 104*36; thus tlio ratios 
of adiabatic expansion and compression must 
necessarily each have the enormously large 
value 104*36. The isothormal ratio r is 
arbitrary; if it be assumed as 2, then, by equa¬ 
tion (30), the total expansion ratio becomes 
X = 2 x 104*36 = 208*7, a value, it is needless to 
point out, entirely out of the question in any 
actual engine. 

The maximum pressure P is obtained by 
aid of equation (12) and is given by 

P= (y)Xp 0 = x 208*7 x 14*7 

= about 20,450 lbs. per sq. in., 

or roundly 1400 atmospheres. 

Again, by equation (72), 


U „ c(T - /) log B r 
}>m ”144V(i - ( l/X)) "144V(l~ (1/X)) 
(vide equation (12')); thus 


96 x 1700 x log e _2 
1)m= 144 x 13-6 x 04)95 


58 lbs. per sq. in., 


so that the ratio of mean effective to maximum 
pressure is only 68/20,450, or about 1/363rd part. 

Any such maximum pressure as 20,450 lbs. 
per sq. in. is of course entirely impossible in 
practice, and it will also be observed that 
the mean effective pressure is only a small 
fraction of the maximum pressure. The cycle 
is entirely impracticable. 

The design of an engine is dominated by tho 
maximum pressure to lie provided against*; 
if we take this at tho value adopted in the 
modem Diesel engine, viz, about 500 lbs. per 
sq. in., and also if the upper temperature 
limit bo assumed at the low value of only 
800° C. we shall have X = 13*95, p = ll*0(i, 
ras 1*26, and p m —Cr 1 lbs. per sq. in. Thus 
even here the mean effective pressure is only 
l/82nd of the maximum pressure, and has 
the trifling value of only about 6 lbs. per sq. in. 
when the Carnot cycle is taken. 

§ (49) The Otto and Lanoen “ Free 
Piston” Cycle; Ratio of pJF. — See 
§ (33) and Figs. 18 and 27. Here T = 2000 Q C,, 
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"-=300° C. (abs.), p 0 ~ 14'7 lbs. per sq. in., 
id v 0 = 13-0 cub. ft. 

Tlie remaining quantities may be thus 
raluated: 

[lh> =(T/t>) gives pa =98 lbs. sq.iu., 

i\V = 2 ViC', imd poVo-PaVe gives v e =14194 cub. ft.; 
ul also pe =0-14 lbs./sq. in,, 

= Vc/vo gives r = 104-4, 

5 = JA*„(T - U) - ct,i log r gives U = 90S,420 ft.-lbs.; 
i(sn by Bq. (72) p n =l-8201bs./8q.in., 

ul Pm/P = pm/po gives }lm/l’ = l/74th. 

Thus the ideal cycle in this case requires 
total expansion of 104-4 times the initial 
illume, and gives a mean effective pressure 
! only 1-32(5 lb. per sq. in., which is but 
'74th. of the maximum pressure developed. 
Moreover, in order to approximate even 
Highly to isothermal compression on the 
turn stroke, it was necessary to run these 
oe piston engines very slowly, and they were 
l consequence exceedingly cumbrous and 
imished but a trifling power relatively to 
leir bulk and weight, notwithstanding their 
[gh theoretical efficiency. 

A series of tests made by Clerk in 1885 on a 
b.p. engine with a cylinder 121 in. in 
tameter showed that the maximum stroke 
as 401 in., and i.h.p. 2-9, with 28 explosions 
yv minute, corresponding to a mean effective 
treasure of 8| lbs. per sq. in. ; the total 
epansion ratio attained was, however, only 
bout 6. 

The b.h.p. was 2-0, and the mechanical 
lioiency therefore 70 per cent. The con- 
imption of ooal gas was 2445 cub. ft, per 
|,i, p. hour, corresponding to an (indicated) 
lormal efficiency of 0-11. Even this con- 
tmptibn, however, marked a notable improve- 
tent upon the results obtained with the earlier 
onoir and Hugon engines ; the largest engine 
Lade of this very noisy free piston type was 
ily of 3 h.p. 

§ (50) The Diesel Cycle ; Ratio of p m /P. 
-See § (41) and Fig. 15. Here 

p 0 = 14-7 lbs. per sq. in., 
v„ = 13-(i cub. ft., 

T' = 300° a (abs.), 
p a = 500 lbs. per sq. in ; 


(Po\ Vy 
.-. v 0 ~ —) v 

\pj 
144p,.r 0 
h ~ 9(5.' 


d-112 cub. ft., 
= 833° C. (abs.), 


T = 2000° C. (abs.), 
RT 


’ 144p 0 


= 2-67 cub. ft,. 


=2-4, 


,nd 




y-l, 


12-23, 

T = 1043° C. (abs.). 


Hence (ride§(31)), asU = ft,(T - t e ) - />'„(T 2 - T')> 
we have U = 151-07 C.Th.U. of useful work, 
and therefore, by equation (72), 


Pn 


151-67 x 1400 


: 118 lbs. per sq. in. 


144 x 12-488 

Thus the mean effective pressure has here 
the high value 118 lbs. per sq. in., and 
p TO /P = i/4-24, a very great advance on previous 
figures. In actual' practice mean effective 
pressures of 100 to 115 lbs. per sq. in. aro 
ordinarily realised, with an average (indicated) 
thermal efficiency of 0-4, and revolution 
speed, in stationary types, of 200 per minute. 
The Diesel cycle thus satisfies the require¬ 
ments of actual practice very fully. 

§ (51) The Beau he Rochas, on Otto 
Cycle ; Ratio of p m ,fP.-~ See §§ (3(5) and (45) 
and Figs. 21 and 29. Here also 

p 0 = 14-7 lbs. per sq. in. (abs.), 
v B = 1.3-0 cub. ft., 
t 0 = 300° G (abs.). 
t u is assumed at 600° O. (abs.); 

1 o\ T~ t 


whence v 0 


(to 

\to 


v e ~ 2-489 cub. ft.. 


and 


13-6 

: 2-489' 


= 5-47, 


90L 


and 


7 == 1(50-7 lbs. per sq. in. (abs.), 

P G 

m 

P = - p 0 = 535-7 lbs. per sq. in. (abs.), 
T = 2000° O. (abs.)., 

T a = f t 0 = 1000° G. (abs.), 

* a 

. 49-0 lbs. per sq. in. 


The useful work done is given by the equation 
U « Jb„(T - tel 1) - fc„(T, - *„) “ 11H’23 C.Th.U. - 
whence, by equation (72), 

1400x 118-23 r .. , tA „ un 

and the ratio p,J P has the value 1/4-84, 
which is of the same order sis that obtained 
in the case of the Diesel cycle. 

§ (52) The Const an t -rit iohhu nu “ Beat- 
ton ” (Jycle ; Value of p mt Km«-Soo §§ 
29, 30, and 39 and Figtt. 14 and, 23 ; this 
cycle is practically perfected in the modem 
Diesel engine, but it is of interest to evaluate 
p m , as its ratio to P was, both in theory and 
practice, very high. As illustrated in Figs. 
1£ and 23 we have here 

p 0 = 14-7, 

-/;„== 13-(i, 

4 = 300° 0., 

Po = 70; 
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whence, by equation (21), 

« c =468° C., 

and therefore 

v e = 1*2.=4-47 cub. ft. 

c 144 xp e 

T 

Again, v v = r-v e = 19-05 cub. ft., 

and thus <r=4-26 (vide equation 51). 

T 3 is assumed at 1450° C., whence, by equation 
(22), =41-9 cub. ft., so that the total expan¬ 
sion ratio X=9-4. 


96 x U n 

—~=23-2 lbs. per sq. m., 
r e 144 x Vo 

and T'=—*<,=925° C. (abs.). 

Vo 

Hence, from § (30), U = 126-74 C.Th.U. of 
useful work, and accordingly, by equation (72), 


fm = 


126-74 x 1400 
144 x 37-43 


= 33-0 lbs. per sq. in. 


The effective maximum pressure is (P -14-7) 
lbs. per sq. in. =55-3, which is only 1-68 
times p m —a very satisfactory feature of the 
cycle. 

A test of a Brayton petroleum engine of 
about 4 b.h.p., made by Clerk in 1878, 
showed a maximum pressure in the work¬ 
ing cylinder of 47 lbs. per sq. in., a mean 
effective pressure of 30-2 lbs. per sq. in., 
and a consumption of petroleum of 2-75 lbs. 
per b.h.p. hour, corresponding to the very 
low brake thermal efficiency of only 0-047. 


T a is assumed at 1400° C. (abs.)., and there, 
fore, by equation (22), v e — 32-0 cub. ft.; thou 

_ 96 x 1400 _g 8 .fl jj JS> p 01 . B q. in, (abs.), 

1 e 144 x 32-6 

and T' = ;\ = 718 0 C. (abs.). 

Vo 


Hence 

U = U(T -*„) - k v ( T 2 - TO - U,(T' - 1„) 

= 72-07 C.Th.U. of useful work. 


In this case, as the stroke of the piston is AK, 
we have to write 

1400 x 72-67 
Pm ~ 144 X v n 


= 21-7 lbs. per sq. in. 


Thus the ratio of p m to the maximum olTootivo 
pressure of (98 - 14--7) lbs. per sq. in. has hero 
the satisfactory value 1/3-84; the engine 
failed commercially, however, on account of 
its exceedingly great consumption of fuel. 
Not only is the theoretical efficiency of the 
cycle low, but oven this low efficiency was not 
nearly attained in practice. The engines wore 
built in sizes of from one-half to three horse¬ 
power. An experiment by Tresea on a one- 
half lxorse-power engine showed a consumption 
of 95 cub. ft. of (Paris) coal gas per i.h.p. 
hour, which is fully eight times as great as 
that of a modern four-stroke gas engine of 
moderate power. 

§ (54).—Collecting the results obtained in the 
preceding paragraphs for comparison, we have 
the following for typical engines, each using 
1 lb. of air, and working between the absolute 
temperatures 2000° 0. and 300° 0. : 


Engine. 

Type of Cycle. 

Theoretical 

Efficiency 

with 

Conditions 

assumed. 

Maximum 

Pressure 

P. 

Lbs^Hq. In. 

Mean 
Press lire 
pm* 

Lbs./Sq. In. 

Katin of 

Pm to 
(P~ 14-7). 

Carnot . 

Constant temperature 

•85 

20,450 

58 

•0028 

Otto and Langen \ 
free piston * J 

Constant volume 

•66 

98 

3-326 

•010 

Diesel 

Constant pressure 

•55 

500 

118 

•243 

Otto 4-stroke. 

Constant volume 

•50 

536 

103-5 

•200 

Brayton 

Constant pressure 

•33 

70 

33 

•000 

Lenoir . 

Constant volume 

*25 

98 

21-7 

•260 


* With complete expansion. 


The modem Diesel engine consumes only 
about 0-45 lb. of oil fuel per b.h.p. hour, 
corresponding to a brake thermal efficiency 
of fully 0-30. 

§ (53) The Lenoir Constant Volume 
Cycle ; Value of p m .—See Figs . 17 and 26 
and §§ 32 and 42. Here also 

^ = 14-7, 
v 0 =13-6, 

*o= 300 ° a, 

T=2000° a, 

whence p 0 =98 lhs. per sq. in. (abs.). 


The relative values and advantages of the 
various cycles are very fully discussed by 
Clerk in The Gas, Petrol, and Oil Engine 
(Longmans), vol. i,, 1909. 

§ (55) Losses in Internal Combustion 
Engines. —-In all that precedes it 1ms been 
assumed that the working substance is dry 
air—regarded as a perfect gas—and that the 
conditions are such that eaoh cycle can he 
perfectly carried out. Tliis is impossible, in 
actual practice, and is due mainly to the - 
following causes : 

(1) The working gases lose heat to the 
surfaces of the combustion chamber, oylinder 
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and piston crown during and after explosion 
by radiation and convection. 

' (2) The unexploded charge is usually heated 
on entering the cylinder, with consequent 
expansion and reduction of the mass of charge 
exploded. 

(3) In constant-volume cycles the explosion 
is never instantaneous, as assumed in theory. 

(4) The working substance is not dry air, 
but a mixture of nitrogen, carbon dioxide, 
steam, and oxygen, having specific heats 
which are not constant, but increase with 
rise of temperature. 

(5) The working substance is changed in 
volume by combustion, so that the volume 
which is heated and expanded, differs from 
that which is compressed w r hen measured at 
tlxe same temperature and pressure. 

(6) Combustion is not complete when 
maximum temperature is attained, and is 
even, in some cases, not complete at release. 

(7) Some throttling or “ wire-drawing ” 
always occurs during admission, and there is 
always some degree of back pressure opposing 
the exhaust. 

(8) The working gases lose heat to the 
cylinder walls during compression. 

These several sources of loss may be con¬ 
sidered in some further detail. 

§ (66) Loss oi? Heat to Walls during 
Explosion and Expansion. — The physical 
properties of cast iron, of which the cylinders 
of all internal combustion engines, excepting 
only air-craft engines, are made, renders it 
necessary that they shall be kept cool either 
by a water-jacket or, as in many small engines, 
by a stream of cold air passing over heat- 
radiating gills formed on the outer surface of 
the cylinder. In practice it is found that 26 
per cent to 50 per cent of the whole heat 
evolved by the combustion of the working fluid 
is lost in this way alone. The highly heated 
gases lose heat to the containing surfaces 
partly by radiation, and, being in a state of 
very violent turbulence, also by convection. 

The general rule that the better the absorber 
the better the radiator, and the principle that 
a. perfectly transparent substance, whatever 
its temperature, could radiate no energy, 
lead to the conclusion that gases in chemical 
equilibrium—which then possess nearly porfect 
transparency'—can emit no appreciable radia¬ 
tion. When radiation does take place from 
gases it appears to arise from the flame due 
to chemical action proceeding in the gas, 
and in internal combustion engines any 
radiation from the flaming mixture is absorbed 
by the enclosing metal walls of the combustion 
chamber, cylinder barrel, piston crown, and 
valve heads, wherein it appears as sensible 
heat, which is then conveyed by conduction 
to the jacket and surrounding air. Loss of 
energy by radiation, in this connection, was 


first considered by Callendar in 1906. Tests 
by him on a small petrol engine 1 showed that 
the loss of heat per cycle could be represented 
approximately by an expression of the form 
a+br, where r is the time of one revolution, 
and a and b are constants. Radiation loss 
from the burning gases proceeds with very 
great rapidity near the instant of maximum 
temperature, and this practically instantaneous 
loss may be considered as represented by the 
constant term “ a." The second term hr 
represents a loss by radiation and convection- 
conduction proportional to the time during 
which the cylinder surfaces are exposed to 
the burning gases. 

§ (57) Radiation erom Flames. —R. v. 
Helmholtz found, when using “ solid ” flame 
of about I in. in diameter, that a hydrogen 
flame radiated about 3 per cent, coal gas almost 
5 per cent, and CO about 8 per cent of its 
total heat of combustion. These were very 
small flames. A large flame radiates more 
energy per unit of area, since a flame is largely 
transparent even to its own radiation, and 
thus radiation is received not only from the 
surface molecules, but also from all those 
behind it. Callendar, repeating some of 
Helmholtz’s experiments on a larger scale, 
found that the radiation from a Bunsen non- 
luminous coal gas flame L2 in. in diameter 
may amount to as much as 15 per cent of 
the whole heat of combustion. Experiments 
made by Julius on different kinds of flame 
have shown that the radiation is almost 
wholly due to the C0 2 and H a 0 (steam 
molecules). The explosion of gases in an 
exhaust vessel, or a gas engine cylinder, 
differs considerably from any open flame in 
respect of radiation, as not only is the density 
of the gas much greater in the closed vessel, 
but it is also not cooled by mixture with the 
outside air. Hopkinson (1910) made experi¬ 
ments on the radiation emitted during explo¬ 
sion and subsequent cooling of a mixture of 
0-15 coal gas and O'85 air, by volume, in a 
closed vessel. Ho found that the total heat 
radiated during and after the explosion 
amounted to over 22 per cent of the whole 
heat of oombustion. The radiation up to 
the instant of maximum pressure amounted 
to 3 per cent, and continued at a diminishing 
rate for a considerable period thereafter. 
It was still perceptible 0-5 second after maxi¬ 
mum pressure, when the gas temperature had 
fallen to 1000° C. 

§ (58).—The conditions existing within a gas 
engine when working have been vividly 
described by Clerk, who fitted a cylinder with 
a stout observation plug of glass. He says: 
“ While the engine is at work, a continuous 
glare of white light is observed; a look into 
the interior of a boiler furnace gives a good 
1 Proc. Inst, Aut. Eng., 1007. 
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notion of the flame filling the cylinder of a 
gas engine.” The loss by radiation from the 
flaming mixture will be greater as the absorbing 
power of the containing metal surfaces is 
increased. Hopkinson has coated the interior 
of an explosion vessel with tin-foil, and com¬ 
pared the results obtained by exploding 
mixtures of identical composition, firstly with 
the tin-foil highly polished, and secondly 
with its surface covered with lamp-black. 
He found that nearly the same maximum 
pressure was developed in both cases, but that 
the fall of pressure during cooling was consider¬ 
ably less with the bright than with the black 
surface. Further bolometric experiments by 
Hopkinson consisted in covering a small 
portion of the inner surface of an explosion 
vessel with thin copper strip (1) highly 
polished, (2) blackened, and (3) with the strip 
protected from direct contact with the flame 
by a plate of rock-salt. It was found that 
the rate of increase of temperature of the 
blackened surface during explosion and the 
subsequent early stages of cooling greatly 
exceeded that of the polished strip, the differ¬ 
ence between them being roughly equal to the 
rate of temperature increase observed when 
the strip was covered by the rock-salt, which 
transmitted upwards of 90 per cent of the 
radiant energy to the strip while protecting 
it against any direct gain of heat by contact 
with the flaming gas. 

Using a mixture of 0-15 coal gas to 0-85 air, 
by volume, giving a maximum temperature 
of 2150° C., Hopkinson estimated from these 
experiments that the loss of heat by radiation 
to the enclosing surface up to the instant of 
maximum pressure, was about 5 per cent of 
the whole heat of combustion, and that radia¬ 
tion continued during cooling certainly down 
to 1400° G. If combustion were complete at 
the instant of maximum pressure, which is 
also that of maximum temperature in closed 
vessel experiments, it would follow from the 
observed greater loss of energy by radiation 
during explosion to the black than to the bright 
surface, and the observed equality of the maxi¬ 
mum temperatures attained in each case, that 
the internal energy of the gas at the same 
temperature would he greater when the enclos¬ 
ing surface was bright than when blackened. 
Clerk has shown, however, that combustion is . 
never complete at the instant when maximum 
temperature is attained, and finds that in gas 
engine practice in general only some 85 per 
cent of the heat is evolved at this instant, 
the remaining 15 per cent appearing during 
a portion, at least, of the expansion working 
stroke. Combustion is usually practically 
complete when release takes place; with 
weak mixtures, or badly-designed combustion 
chambers, combustion may be markedly 
incomplete even at release. ! 


§ (59) Cylinder Temperatures.— Although 
the maximum temperature of the workin"’ 
gases is of the order of 2000° 0., the mean 
temperature at the inner surface of the metal 
of the cylinder never exceeds a quite moderate 
value of, at most, some 200° C. above that of 
the cooling water in large gas engines; in 
the thin walls of petrol engine cylinders the 
difference is much less, and is usually below 
50° C. Hopkinson placed patches of tin-foil 
on the inner surface of the combustion 
chamber of a gas engine cylinder If*, in. j u 
diameter, and found these wore quite un¬ 
affected by the successive explosions,’ although 
the heat-flow rate is here a maximum, and the 
melting - point of tin only 230° C. In this 
connection it is also of interest to record that 
using a rich mixture (1:9) of coal gas and air’ 
he found at the instant of maximum pressure 
in a cylindrical explosion vessel about 231 in 
diameter x 27 in. ^ long, large differences of 
temperature at different points within the 
vessel. The following are his results : 

Mean temperature of the gases (inferred 
from maximum pressure) . . . 1000° C 

Temperature at centre of volume of the 
vessel, near point of ignition of the 

mixture.. 

Temperature at 4 in. from the wall of ” 

V0HSel . 1700 „ 




m A . I ItWU 

Xomperature at 0-4 m. from wall at side 850 


A rough approximation to the rate of heat- 
flow per unit area from the gases to the cylinder 
surfaces is obtained by dividing the mean area 
exposed to the heated gases into the total 
heat appearing in the jacket water plus that 
lost by ordinary external radiation from the 
engine as a whole. 


Comparing in this way a 35 h.p. four-cylinder 
4*02in. diameter x 5-08 in. stroke Siddeleypotrol 
engine running at 930 revs, per' minute, with a 
40 h.p. single-cylinder 111 in. x 21 in. Crossley 
gas engine running at 180 revs, per minute 
•Hopkinson 1 obtained the following results : 


Item. 

Orossloy. 

Sidddey. 

C.Th.U. lost per minute') 
to jacket water, and (_ 

2250 


by general external 1 
radiation J 

Percentage of ditto to\ 

2300 

total heat supply / 

34-0 

40-5 

CVJL'ii.U. lost per cylinder) 

2250 

575 

per minute J 

Heat-flow in C.Th.U. per 
sq. in. of exposed sur¬ 
face per minute at— 

In-centre . . , 

6-6 

7-0 

Out-centre . . . 

2-05 

3-7 

Mean .... 

3-2 

4-85 


1 Proc. Inst. Aut. Eng, vol. iii. 




295 


ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


Thus the maximum heat-flow rate did not 
ox cocci 7 O.Tli.U. per sq. in. per minute, and 
the temperature-grade necessary for this rate 
through cast iron is only about 100° 0. per 
in. of thickness. As the walls of the Siddeley 
engine cylinder were only ^ in. thick, 
Hopkinson points out that the mean tempera¬ 
ture of the internal metal surface, where 
water-jacketed, never exceeded • that of the 
jacket water by more than about 30° C. The 
wails of the Croaaley engine cylinder were 
almost four times as thick as in the Siddeley, 
which would correspond to a mean temperature 
of inner surface of, at most, 125° C. above that 
of the jacket water, or about 200° C. actual 
temperature. 

§ (HO) Piston and Valve Temperatures.— 
The pistons and valves of internal combustion 
engines am rarely water-cooled, and conse¬ 
quently become very hot, their heat having 
to bo conducted through some distance before 
reaching the jacket water. When working 
at full load, Hopkinson found in the Crossley 
engine above cited temperatures at the centres 
of the piston crown and exhaust valve at 
about 510" 0. For the gas engine mixture 
used by him the temperature of pro-ignition 
was slightly above 700° G. With oil engines 
when run at full load pre-ignition usually 
soon occurs, and is commonly prevented by 
the injection.' of a water-spray into the cylinder 
during explosion. 

In the preceding remarks it has been 
assumed that the internal metallic surfaces 
exposed to the heated gases are clean ; actually 
the combustion chamber surface is quickly 
covered with a deposit of carbon, while the 
working barrel of the cylinder is coated by 
a thin Him of oil. The carbon deposit on 
the combustion chamber surface and piston 
crown increases the loss by radiation from the 
flaming gases; by polishing the surfaces of 
the combustion chamber and piston of a gas 
engine a perceptible increase in mean pressure 
has boon obtained. Again, a thick deposit of 
carbon, especially on the hot piston crown, 
by its low conductivity may create incan¬ 
descent points or patches, and thus cause 
pre-ignition; thus carbon deposit is obviously 
to bo avoided as far as possible. 

§ (01) Radiation Losses. —Clerk (Gustave 
Canot Lecture, 1913) states that radiation 
losses increase very rapidly with temperature 
difference, the loss being approximately 
proportional to the difference of the fourth 
powers of the absolute temperatures of the 
gas and inner wall surface respectively— 
agreeably with Stefan’s Law. He states also 
that radiation increases with increase in the 
dimensions of tho containing vessel; and he 
points out that Stefan’s Law practically 
limits the temperatures attainable in gas- 
engine practice. 


§ (62) Heat - plow. — Reference may be 
made to the fifth report of the Gaseous 
Explosives Committee at the British Associa¬ 
tion (Dundee, 1912), which contains a valuable 
resume of present knowledge relating to heat- 
flow from the working gases into the cylinder 
walls of internal combustion engines. 

The general conclusions reached are, briefly : 

(i.) The rate of heat-flow from gas to walls 
is greatest at maximum temperature and 
pressure, and rapidly diminishes as the piston 
performs its outstroke ; the greater part of 
the heat-flow has occurred in a comparatively 
short time, and when the piston has moved 
but little from its imposition. Hence the 
bulk of the heat lost by the gases to the cylinder 
passes into the combustion chamber, piston 
crown, and valve heads, and but little is 
received by the working barrel. Clerk has 
calculated that the actual rate of heat-flow 
in the first y\ths of the outstroke is equal to 
six times that of the whole stroke, in ordinary 
gas engines, when working at full load. If 
pistons be water-cooled, in considering the 
cooling of the cylinder it is probably sufficient 
to neglect altogether the heat-flow into the 
outer half of the working barrel. When 
pistons are uncooled a water-jacketed barrel 
is needed mainly to keep the piston cool. 

(ii.) The temperature-gradient necessary to 
maintain the required rate of heat-flow from 
the inner surface of a combustion chamber to 
the jacket water rarely exceeds 50° C. per in., 
and for such surfaces, kept fairly clean, 
effective cooling presents no great difficulty. 
At special points, e.r/. the centre of the piston 
crown (when uncooled) temperature is high ; 
with a four-stroke engine of 24 in. cylinder 
diameter a temperature of almost 600° G. 
may he found here. With large gas engines 
the necessary great thickness of the combustion 
chamber walls, and the practical difficulties 
of ensuring free circulation of jacket water 
everywhere may result in the formation of 
high local internal surface temperatures. 

(iii.) An important effect of radiation is the 
greatly increased heat given to cylinder walls 
when mean pressure is increased by increasing 
mixture - strength ; the metal temperatures 
and jacket-water temperature are raised in 
much greater degree than the fuel consumption, 
and efficiency is diminished. In large engines 
this sets a practical limit to power output 
which, if exceeded, results in rapid overheating 
of the engine. 

(iv.) Another important effect of radiation 
is the greatly increased heat received by the 
walls from a large than from a small volume 
of gas ; it results from this, that the difference 
between the efficiency of a large and a small 
engine is lessened, and also that the difficulty 
ofadequately cooling very large engines is 
increased beyond that arising from the neces- 
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sary great thickness of the cylinder walls by 
the increased amount of heat received through 
radiation from the greater volume of glowing 
gas enclosed. 

(v.) Effect of Density .—The density of the 
gas in an internal combustion engine of the 
Otto-cycle type is from four to seven or eight 
times that of the atmosphere; in Diesel-cycle 
engines it is considerably greater; increase in 
density greatly increases heat-flow as compared 
with an ordinary closed vessel explosion with 
atmospheric density before ignition. The 
total heat lost to the jacket water is found to 
increase with the density, but not quite in 
simple proportion ; the exact relation seems to 
be complex, and is not ascertained; it is 
probable that the combined convection and 
radiation heat losses in a vessel of given form 
can be fairly well expressed as increasing 
according to some fractional power of the 
density. 

The question as to the best compression 
ratio to adopt is closely connected with that 
of density. When compression is increased 
by reducing the volume of the combustion 
chamber, not only is the density of the gas, 
and therefore the total heat loss, increased, 
but the area of enclosing surface is also 
reduced, and hence the rate of heat-loss per 
unit of area is increased by both causes 
combined. Though efficiency is increased in 
theory by increase of compression ratio, this 
increase may be more than annulled by the 
increased heat-loss to the enclosing walls, 
and there is thus a value of the compression 
for which the efficiency practically attainable 
is a maximum. But it may easily happen 
that even before this maximum efficiency is 
attained the increased rate of heat-flow per 
unit area of enclosing walls may give rise to 
cooling difficulties and pre-ignition trouble. 
The cause of pre-ignition is commonly the 
overheating of some point or patch of the 
metal, or carbon deposit thereon, due to 
excessive heat-flow following increased density. 

If the enclosing metal surfaces could be kept 
clean and cool, compression ratios could have 
much higher values than are at present 
practicable. 

§ 163) Heating oe Charge entering 
Cylinder. —In large gas engines the ratio of 
surface to enclosed volume of gas is relatively 
small, while the thickness of the cylinder 
walls is necessarily great. In order to avoid 
setting up dangerous stresses in the metal 
through heating, it is found necessary to 
keep the jacket cool by arranging for the 
circulation of an ample supply of cooling 
water; the temperature on leaving the 
jackets, in large gas engines and Diesel 
engines, is usually between 30° C. and 50° 0. 

In very large gas engines the pistons and 
valve heads are also water-cooled, and in 


these engines, therefore, the temperature of 
the whole enclosing surfaces of combustion 
chamber, piston, etc., is always low. la the 
much larger class of gas engines with uncoolod 
pistons and valves, the average temperature 
of the piston crowns and valve heads is very 
much greater. In the exceedingly huge elans 
of small quick-revolution internal combustion 
engines of the petrol type, the jacket water 
temperature is usually between 60" 0. and 
100° C., while in air-cooled engines of this 
class, the mean temperature of the whole 
cylinder is considerably above 100° (I, and 
the pistons and valve heads correspondingly 
higher. 

In every ease, when a fresh charge is taken 
into the cylinder, some increase in its tempera- 
[ ture is caused by the higher temperature of the 
enclosing surfaces ; in addition, in the three 
practical cycles of Clerk, Diesel, and < X to, there 
is always some high temperature burnt gns 
from the previous cycle remaining in the com¬ 
bustion chamber at the end of exhaust with 
which the entering fresh charge mixes, and by 
which its temperature is always raised. From 
these two causes, the fresh charge is always 
heated at the beginning of compression, and in 
Otto cycle gas engines of the smaller type, and 
petrol engines, a temperature of 200" 0.' at this 
point is not unusual. The rise of temperature 
results in a lessened density of fresh charge 
taken in, and the mass of fresh charge is 
further reduced by the presence of residual 
burnt gases in the combustion space ; apart 
from any effect of this upon thermal efficiency 
the heat evolved per cycle is lessened, and the 
power output of the engine correspondingly 
reduced. 




X m o nus jluhsml UYCJLli; 

Heating before Compression.-— Consider the 
case taken in § (50), with ~ H-7 11m. per sq. 
in. (abs.), and r e = 13’C cub. ft., the volume at 
outstroke. But, due to heating on admission, 
suppose T' (Fig. 15) to bo 400° C. (abs.); then at 
K we have now 13*0 cub. ft. of air at pressure 
14-7, and temperatures 400° C,, the mass 
of the charge is reduced from 1 lb. to 075 
lb., and the value of the constant 1C p„/T 
is now 72. The volume of the combustion 
chamber remains unchanged at Ml 2 cub. ft., 

and hence p c is also unchanged at 500 lbs. 
per sq. in. (abs.). But t 0 =--p a vjc,' is now in¬ 
creased from 833° C. to 1111° C. (abs.). Hence 
as, by supposition, the maximum temperature 
T remains unchanged at 2000° 0., we have 
v v = (T/t c ) -v e =2-002 cub. ft., whence <r is now 
reduced from 2-4 to 1*8, and accordingly, agree¬ 
ably with equation (53) the thermal olludency i n- 

T a = KK) y ~ 1 ■ T = 91.5° ({, in. 
stead of 1043 C .; the efficiency, by equation 
(52), is therefore now increased from 0-55 to 0-51) 
But the heat converted into useful work has been 
reduced by the reduction of the charge thus: 
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fc„(T - g - Jfc„(T 9 - TO} =93-1 CJ.Th.U. 

consequence >p m is now reduced to 
10/144 x 12-488 = 72-3 lbs. per sq. in. 
.rod. with 118 lbs. per sq. in. in the 
case ; thus the output of power of 
ie at the same revolution speed has 
n 1-0 to 0-613. The figures in the two 
collected together below, for com- 

i cases p 0 = 14-7, w e = 13-6, v 0 = 1-112, 
and T = 2000° C. 


the heat is supplied from t c to three-fourths of 
the fluid, the rise of temperature will be the 
same as before, and accordingly the maximum 
temperature attained will be unaltered and 
T = 800+ 1400 = 2200° C., while T 2 will corre¬ 
spondingly increase from 1000 0. to 1100 C. 
Thus the working fluid is at a higher tempera¬ 
ture throughout the cycle, the heat losses, to 
the cylinder are greater, and hence, in practice, 
the efficiency is reduced. The useful work clone 
is U = -Wc v {T - t e - T a + 1 0 \ = 88-07 O.Th.U., 


0 b. 

Vp 

Cub. Ft. 

o\ 

Adiabatic 

Expansion 

Ratio. 

T. 

“ U. 

Thermal 

Elliciency. 

O.Th.U. 

Pm. 

Lbs./Sq. In. 

Relative 

Power 

Output. 

833 

2-67 

2-4 

5-1 

1043 

0-55 

151-7 

118 

1 

1111 

2-002 

1-8 

6-8 

915 

0-59 

93-1 

72-3 

0-613 


i cycle increasing the lower limit of 
ure T', increases the compression' 
ure t 0 in the same proportion; hence 
idles more nearly to T, and accord- 
constant pressure expansion ratio <r 
jd with consequent increase in the 
i expansion ratio and reduction of the 
drop at the release point II. The 
■ is increased from 0-55 to 0-69, but 
tlio smaller expenditure of heat the 
itput of the engine is reduced in the 
«i of 100 to 61-3. 

Tina Otto Cycle ; Effect of Heat- 
ore Compression. —See § (36) and 
In this ease, as by equation (71), the 
r is 1 —• (l/p) y ~ 1 j where p is constant in 
: the same engine, it follows that the 
r, in theory, is unaltered by any change 
imporaturo of the charge before cam- 
Raising t 0 raises f fl in the same pro- 
and if there be the same expenditure of 
as before, then as E.~k v ('\! ~t B ) we. 
IIand thus T is also raised, 
loquently so also is T 2 agreeably with 
ion T a /T ~tjt 0 . In practice, however, 
ise tho efficiency is reduced owing to the 
mat losses resulting from higher tom- 
of explosion and during adiabatic ex- 
In the case discussed in § (61) suppose 
o to heating on admission, ^=400° 0. 
then the mass of the charge is reduced 
b. to f lb., and t c rises to 800° C. (ahs.) 
i ratio tjt 0 is constant. Tho efficiency 
sory, unaltered ; two suppositions may 
made as to the supply of heat to the 
fluid, viz.: 

appose the supply of heat to bo three- 
of tho quantity in § (51); and 
Suppose the supply of heat to be only 
cessary to cause the working fluid to 
i maximum temperature of 2000° C. 

(t).—In this case, as three-fourths of 


while as a necessary consequence tho mean 
effective pressure is now reduced from 103-5 
to 88-67 x 1400/144 x 11-11 =77^ lbs. porsq. in. 
Thus, at the same revolution speed, oven 
if the efficiency remained unchanged, . tho 
output of tho engine would be reduced from 
100 to 75; the reduction in output will bo 
actually greater than this, as tho efficiency 
is lessened through the increased heat losses 
incurred. 

Case (ii.).—In tins case tho efficiency is also, 
in theory, unaltered, and the temperature of 
the working substance is only increased by a 
relatively small amount during the adiabatic 
compression period; the practical reduction 
of efficiency may hence bo expected to bo 
smaller in this case. The mass of the charge 
is reduced, as before, to $- 11)., but the heat 
supplied is also reduced, and is given by 
II»-75/,q {2000 - 800 -1000 -I- 400) =7()0.Th.U. 
instead of 88-67. Tho mean effective pressure, 
at unchanged efficiency, now drops to 66 J lbs. 
per sq. in., and the engine output is now re¬ 
presented by the number 64-2 only. 

Thus in Otto-cycle engines, heating tho 
incoming charge does not, in theory, affect tho 
efficiency, though in practice some loss of 
efficiency results from increased heat losses to 
the cylinder. The reduction in the mass of 
the charge, with consequent reduction in the 
heat supply, results, however, in a rapid falling 
off in the output of power. 

§ (66) Time of Explosion.—I n tho pre¬ 
liminary simple theory of the internal com¬ 
bustion engine constant volume cycle, explo¬ 
sion is assumed to occur instantaneously; 
actually a small, but finite, interval of time 
elapses between the instant of ignition and that 
at which maximum pressure is attained. The 
time of explosion in constant volume experi¬ 
ments may be defined as the interval of 
time between the commencement of increase 
of pressure and the attainment of maximum 
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pressure, and numerous experiments upon 
explosions in closed vessels of constant volume 
by Bunsen, Berthelot, Bairstow and Alexander, 
Clerk, Grover, Hopkinson, Langen, Petavel, 
Mallard and Le Cliateller, and others have 
furnished results showing clearly the mode of 
dependence of the time of explosion upon the 
nature and condition of the “ carburetted ” 
charge employed. 

Constant-volume explosion experiments by 
Clerk in 1900 made upon electrically ignited 
mixtures of London coal-gas and air, initially 
at atmospheric pressure and temperature, con¬ 
tained in a closed cylindrical vessel 7 in. in 
diameter and 7 in. long internally, furnished 
the following results : 


As the mixture richness is increased a 
point is, however, soon reached at which 
the time of explosion is a minimum ; tlm 
.following figures from experiments by Clerk, 
and the Massachusetts Institute, ''Boston, 
illustrate this : 


,,, , Volume Gas 

Mlxfcuro Volume Air" 

Time 

of Explosion. 

*1 

Seconds. 

•045 


■042 

i 

■055 

r 

■057 

i 

‘087 

i 

•155 ; 

Tff 

■305 

XT 

•290 


, Volume Gas 
Mixture vl.iilmc Air' 

Time of Explosion 
(approximately). 


Seconds. 

•04 

t 

•07 

t) 

•20 

1 

„ i"fr 

•5 

xV 

1-0 


Petavel, with a 1: 0 mixture of coal-gas and 
air, initiaUy at 18° 0., and at a pressure of 
113b lbs. per sq. in. (abs.), exploded within a 
spherical steel bomb of 4 in. internal diameter, 

nrno r n 0tl a Jnaximum explosion pressure of 
Jo08 lbs. per sq. in. attained in -058 of a second, 
l! rom these and other results, it appears that 
for uniform explosive mixtures initially at rest 
within a closed vessel, the time of explosion 
caeleris paribus, is (i.) less as the mixture 
richness is greater, (ii.) greater, with a single 
point of ignition, as the volume of the con¬ 
taining vessel is greater, and (iii.) independent 
, initial pressure of the explosive 

charge. 



Time 

of Explosion with 

(Ratio. 

Oldham 

Coal-Gas. 

London 

Gas. 

Boston 

Gas. 

i 

•10 

•045 

•08 

i 

•055 

■042 

■OS 

i 

■04 

•055 

■OS 

7 

•00 

•007 

•00 

i 


•087 

•Oil 

Y»‘ 

•08 

•155 

•08 

iV 


•305 

•1.1 

r r 

•17 


•14 


M hi le with mixtures of (M58, petrol vapour 
and air, the Boston experiments gave : 


Similar experiments by Bairstow and Alex¬ 
ander on mixtures of coal-gas and air exploded 
at constant volume but in a much larger 
cylindrical vessel, viz. of 10 in. internal 
diameter by 18 in. in length, from atmo¬ 
spheric temperature, hut with an initial pres¬ 
sure of 55 lbs. per sq. in. (abs.), furnished 
results from which the following figures have 
been deduced : . 


.Petrol 

Vapour. 

Time of 
Explosion. 

Petrol 

Vapour. 

Time of 
Explosion 

Per cent. 

1- 79 

1 -90 

2- 17 

2-44 

■2413 

Seconds. 

•109 

•091 

•082 

•000 

■OSH 

Per cent. 

2- 78 

34)3 

3- 23 

3-45 

Seconds, 

■OSH 

4)00 

•007 

•100 


. 0u * ho P^ago of the igniting spark the gas 
in its immediate vicinity is Instantly inflamed 
with accompanying sudden expansion; the 
inflammation very quickly extends outwards 
m all directions, the inflamed portion, rapidly 
compressing, and thus heating, the vminfinmed 
portion. Parts of the inflamed gas are uIho 
projected into the uninllamed volume, and thus 
cause the general inflammation to proceed at 
an increasing rate nearly up to the point when 
complete inflammation is attained. It is 
clear, therefore, that the time of explosion will 
be greater as the volume of gas exploded ;is 
greater, arid also that it will bo lessoned by 
having more than one point of ignition, pro¬ 
vided the additional ignition points are effec¬ 
tive. Iuirther, .if a considerable volume of the 
gas be ignited at once, by a long and powerful 
spark, or a largo flame, the time of explosion 
will bo reduced; a small separate chamber 
connected with the main explosion, vessel if 
idled with explosive mixture, and ignited, will 
project a rush of flame into the main vessel and 
so much reduce the time of explosion. The 
shape of the explosion vessel has also a marked 
influence, and has also the position within the 
vessel of the point of ignition. This latter 
point is well illustrated in Bairstow and 
Alexander’s experiments, using a cylindrical 
vessel 10 in. diameter x 18 in. long,'with the 
ignition point situated at different points 








ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 299 


within it; the following are the times of 
explosion observed : 


Depth of Ignition .Point 
from Top of Vessel. 

Time 

of Explosion. 

Inches. 

Seconds. 

0 

•160 

3 

•141 

6 

•177 

9 

■10a 

12 

•123 

15 

•140 

18 

•145 


The maximum pressure attained was, in 
each case, roundly 220 lbs. per sq. in. (abs.), 
and the explosion was most rapid when the 
mixture was fired from the centre of the 
cylinder. Though rapid ignition does not 
cause any increase in the maximum pressure 
attained, it is yet of importance in internal 
combustion engines in order to avoid loss of 
work from a comparatively slow pressure rise 
upon a rapidly moving piston. Accordingly 
in large gas engines, and in the petrol engines 
of racing cars, it is common to find two or 
even more igniting points per cylinder. In the 
ease of a petrol engine tested by Professor W. 
Watson, 1 for example, it was found that with 
single ignition the time of explosion was 
0*0055 second, and that this was reduced by 
almost one-third, viz. to •0037 second when 
double ignition was used. Increased power 
was obtained when using double ignition, the 
advantage gained being greater as the revolu¬ 
tion speed increased, as the following figures 
show : 


cylinder was 28-| in. diameter and the stroke 

Voqa; 5 the . avera § e revolution speed was 
128-0,:> per minute. The diagram shows that 
maximum pressure was attained when the 
piston had moved forward only about -i. of 
the out,stroke, corresponding to a time interval 
of only 0-026 seconds, which is, in this case, 
substantially the time of explosion. Thus 
even in this large cylinder the time of explosion 
is only about one-half as great as was observed 
in the closed vessel coal-gas experiments 
above cited. 

This feature has recently received special 
attention, and Clerk found in some experiments 
carried out in 1912 that the time of explosion 
in the same engine diminished with increase in 
the revolution speed, and that this resulted 
mainly from the increased rate of inflammation 
caused by the violent turbulent motion set up 
by the sudden rush of the fresh charge into the 
cylinder during the suction stroke, and which 



Revolutions 

Horse-power 

Horse-power 

per 

with 

with 

Minute. 

Single Ignition. 

Double Ignition. 

1100 

184 

20-8 

1000 

20'-0 

29'2 


§ (67) TuiusurmNUE.—At an early date it 
was observed by Clerk that gas engines would 
have been impracticable, through necessarily 
slow running, had the rates of explosion been 
as groat in actual engine cylinders as in closed 
vessel experiments. In the case just cited, the 
time of explosion of the petrol air mixture 
in an actual engine was only -0065 second, 
whereas the shortest explosion time obtained 
in tire Boston experiments—albeit with a 
larger vessel—-was -058 second, or more than 
ten times as great. In larger gas engines also 
the same result is observed; Fig. 30 is a 
reproduction from a diagram taken by 
Humphrey during a test in 1900 2 of a 500 
h.p. Premier engine using Mond gas. The 

1 Proc. I.A.E., 1909. 

* Proc. Inst. Mech. Ena,. 1901. 


persisted during compression; in gas and 
petrol engines during the suction stroke the 
average velocity of the entering fresh charge 
through the inlet valve is from 100 to 120 ft. 
per second. 

Clerk 3 has carried out further experiments 
showing very strikingly the important part 
played by turbulence in reducing the time of 
explosion in actual engines, and thus rendering 
high revolution speeds practicable. He took 
indicator diagrams from the same engine: 

(1) firing the charge in the usual manner, and 

(2) firing the charge after compressing and 
expanding it during one or two revolutions of 
the crank-shaft, thus giving time for the tur¬ 
bulence to largely subside. Comparison of the 
diagrams so obtained shows at once that the 
effect of damping down turbulence was to 
retard the rate of inflammation to a remarkable 
extent, completely changing the form of the 
diagram. 

Two of the diagrams so taken are shown in 
Figs. 31 and 32; the time of explosion with 
normal ignition, from A to B, 4 is -037 and -033 

Gustave Canet Lecture, 1913. 

4 Max. pv occurs at B. 
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seconds respectively ; while after a third 
compression of the fresh charge the time of 



explosion increases to -092 and -078 seconds 
respectively. The cylinder was 9 in. in 
diameter, with 17 in. stroke, and was run at 
180 revolutions per minute 
under full load conditions 
with jacket water at 70° C. 

Two electric igniters were 
fitted, one in the inlet port 
at the back of the combus¬ 
tion chamber, the other at 
the side of the cylinder just 
clear of the piston, when 
fully “ in.” It will be noted 
that in this case the explosion 
is more rapid with the side 
igniter, and that in both 
cases the time of explosion 
with partly quenched turbu¬ 
lence is about 2£ times 
as great as under normal 
working conditions with' un¬ 
damped turbulence. 

Thus, due to turbulence, 


only about -J-th of that observed in Bairwtow 
and Alexander’s tests. Hopkinson also carried 
out tests in 1912 on the effect of turbulence 
artificially produced by the rotation of a fan 
within a closed cylindrical vessel 12 in. dia¬ 
meter by 12 in. long; these experiments 
showed a great reduction in tho time of 
explosion with increase in turbulence. Using 
a 1 : 9 mixture by volume of coal-gas and uir, 
the following figures illustrate his results : 


Revolutions per Minute 
of Fan. 


Time 

of Explosion, 

0 


(Seconds. 

•13 

2000 


-03 

4500 


•02 

§ (68) Calorific Values 

AND SriSCI 

I-Ieats of the Working 

Mixtures.— 


... -Ah 

already stated, whatever the fuel used in an 
Table I 

Specific Weight and Volume of G ases at 0° G. 
and Atmospheric Pressure 


the time of explosion in the actual engine was 
only ith to -ith that observed in the closed 

Diagram showing effect of Turbulence. End Ignition 




Specific 

Gravity 

Weight of 
1 dull, FI;. 

Volunu 

Substance. 

Symbol. 

of 1 Lb 


1. 

2 

in Lb. 

3. 

in Oub. If 

4. 

Air .... 

23-0+77 N 

14-44 

•08073 

12-387 

Oxygen 

o 2 

10 

•08944 

1M8 

Nitrogen 

N a 

14 

•0782(1 

12-78 

Hydrogen . 

H, 

1 

•00559 

178'89 

Water (gaseous) . 

HoO 

9 

•05031 

19-88 

Carbon monoxide 

CO 

14 

•07820 

12-78 

8-13 

Carbon dioxide . 

co, 

22 

•12298 

Methane (marsh gas) . 

OH* 

8 

•04472 

22-30 

Ethylene (olefiant gas) 

0.H* 

14 

•07820 

12-78 

Acetylene 


13 

•07207 

13-70 

4-59 

Normal benzene . 

O # H 0 

39 

•21801 



vessel, explosion experiments of Clerk 
Hopkinson, with the mixture at rest, 


and 

and 


internal combustion engine, the working sub- 
stance after ignition consists of a mixture of 
nitrogen, steam, carbon dioxide and frequently 
a small amount of free oxygon. When the 
chemical formula of the fuel or “ earlmnmt ” 
is known, the heat evolved during combustion 
may be readily calculated. In Table I. sumo 
physical constants are given for tho substances 
involved in Internal Combustion Engine 
practice. 

In Tables II, and III. the quantities of boat 
evolved in the complete combustion of 1 lb., 
and of 1 cub. ft., of various gases, etc., are 
given. 

§ (69).—From Tables II. and III. it will bo 
noted that a hydrogen-air mixture contracts 
after combustion to 0-853 of its initial volume, 
with corresponding reduction in the pressure 
developed. _ Further, notwithstanding the very 
high calorific value of hydrogen per lb., its 
excessive bulldness results in a heat evolution 
of only 164/3-4=48 C.Th.U. (app.) per cub. ft. 
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Approximate Heat of 
Combustion per Cubic Foot 
of Fuel, in C.Th.U. 

Lower 

Yalue. 

10 . 

^^00010510 010 
r-IrllQrIbOQOCiOOvO 
<M CA 

Higher 

Value. 

9. 

H^OOCDMtMO 
OSCP^OOIVOOOOO • 

H HkO rH i-O O CO i— 1 • 

The Combustion of 1 Cubic Foot of Fuel requires 

Of Air. 

Volume of Mixture in Cubic Feet. 

Ratio of 
Volumes. 
After/Before. 
8 . 

CO CO CO r—1 CO 

O vd CO tH JO 

OOOOQpOOOiOp 

OHOOriHOrlH 

After 

Combustion. 

7. 

pQQCpCpcpHHlpWOls. 

gsi ib c> frl © »b<£i n- 01 

r—1 rH rH CO lO 

Before 

Combustion. 

6 . 

'^opo'f cp^ooo 

CO IQ o CO 0*0 CO O 

rH t-H i — 1 rH CO IQ 

Of Air. 
Cubic Feet. 

5. 

O 

rH rH CO 

Of Oxygen. 

Volume of Mixture in Cubic Feet. 

Ratio of 
Volumes. 
After/Before. 
4. 

r- i"- 1 > o 

zO ZD ZO VQ CO ^ 

pppppOCOOOl 
OHOOHrlOHH 

After 

Combustion. 

3. 

09990099 a 

rH Ol CSJ 1-1 CO CO 05 CO 
rH 

Before 

Combustion. 

2 . 

lOOO'OOOVO 10 01 
rH OI CO rH CO CO CO rH 
rH 

Of Oxygen 
alone. 
Cubic Feet. 

1 . 

VO p O VO p p VO vp csl 

O rH 0*1 O OKI CO NN 6 
rH 

Fuel. 

1 Cubic Foot of 

Hydrogen .... 
Carbon (gas) to CO * 
Carbon (gas) to CO. * 
Carbon monoxide 
Methane .... 
Ethylene .... 
Acetylene .... 
Hormal benzene . 
Average petrol 


P 

So 

go 

£! U 

C 

fO ^ 
M—t 

a o 

rH PI 


# S 


of misfttre with air at 0° C. and atmospheric 
pressure. 

Hydrogen-air mixtures are very sharply 
explosive and when hydrogen is present in 
large proportion in a gaseous fuel, this property 
frequently causes trouble through pre-ignition. 
The hydiogen alone would be a comparatively 
poor and troublesome fuel to employ for power 
purposes, though its presence is often beneficial 
in conferring sufficiently prompt inflamma¬ 
bility upon dilute mixtures of other gases. 

Methane is an excellent gaseous fuel for 
power purposes ; its heat value per cub. ft. of 
mixture with air is 542/10-6 = 51 C.Th.U. 
(app.), and thus exceeds that of hydrogen] 
while there is no contraction of volume after 
combustion. 

With normal benzene (the principal con¬ 
stituent of “ benzol ”) and average petrol there 
is an increase of volume after combustion. 
With the ordinary coal-gas-air mixtures used 
in practice, there is, in general, a contraction 
of volume after combustion of not exceeding 
about 3 per cent of the volume before com¬ 
bustion. 

Table IV. gives the approximate amount of 
heat in C.Th.U. evolved by the combustion of 
1 cub. ft. at 0° G., and atmospheric pressure of 
mixture with air of various gaseous and other 
fuels. 

Excluding acetylene, which is only employed 
in a few very special eases, this Table shows 
that the heat evolved per cub. ft. of mixture 
ranges only from about 48 to 58 thermal units 
notwithstanding large differences in the 
calorific values per lb. of the various fuels 
tabulated. 

In Table V. 1 average figures are given for 
the gaseous fuels in common use in stationary 
gas engines. 

The heat evolved per cub. ft. of mixture here 
ranges from 33 to 49 C.Th.U., although the 
heat evolved by combustion of 1 cub. ft. of 
gas ranges from 59 to 295 units. 

In these Tables the volumes of air considered 
are only such as are just sufficient to ensure 
complete combustion of the fuel. Generally 
some excess of air is mixed with the fuel ; thus 
the Continental practice is to use about 20 per 
cent excess of air with blast furnace gas and 
producer gas from coke or anthracite, and 40 
per cent to 50 per cent excess of air with coke 
oven gas and town gas. 

In large gas engines, in order to avoid undue 
heating troubles, it is found necessary to so 
dilute the working mixture that the evolution 
of heat per cub. ft. of working stroke swept by 
the piston does not exceed about 28 C.Th.U. 
for cylinders of up to 20 in. in diameter, and 
from 20 to 22 C. Th. U. for 30 in. cylinders. With 
gaseous fuels containing a large proportion of 

1 From Clerk and Burls, Gas Petrol and Oil Engines, 
il. (Longmans, 1913). 
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hydrogen, as, e.g. coke oven gas, pre-ignition 
trouble is often experienced. Clerk has 
entirely overcome this by diluting the fresh 


S (70) Specific Heat of Gases.—B y aid of 
thes i various Tables, the maximum tempera¬ 
ture and pressure attained by tho explosion of 


Table III 


Approximate Calorific Values of Fuels per Lb. 




Combustion par Lb. of Fool. 

CJ.Th.U. of Heat 
evolved ill Uonibuiitiiin 
of 1 Lb. of Fuel. 

Fuel. 

1 Lb. of 

Burnt to 

Lbs. of 
Oxygon 
needed. 


Weight of Products In I.bn. 

Higher 

Vnhio. 


1 . 

Air 

notified. 

8 . 

Burnt In 
Oxygen. 

4. 

Bm-nt in 
Air. 

LI IN. of 
NHrotfon. 

0 . 

Vftluc). 

H. 

Hydrogen . . 
Carbon . \ 

Carbon monoxide 

Methane 

H,0 

CO 

CO* 

CO 2 

C0 2 and H 2 0 

8-0 

1- 333 

2- 607 
0-571 

4-0 

34-8 

5-8 

11-0 
2-484 

17-4 I 

9-0 

2- 333 

3- 067 

1-571 

2-75 of CO* 
2-25 of H a O 

5-00 Total 

35-8 

0-8 

12-6 

3-484 

j-184 

26-8 

4-46(5 

8-933 

1-913 

13-4 

34,170 

2,445 

8,000 

2,430 

13,340 

20,340 

2,-1*15 
8,000 
2,430 

12,130 

Ethylene . 

C0 2 and H a O 

3-4285 

14-914-j 

3- 143 of C0 2 
1-285 of I-I 2 0 

4- 428 Total 

115-914 

11-48(5 

12,180 

11,490 

Acetylene . 

C0 2 and H 2 0 

3-077 

13-385j 

3- 384(5 of 00 2 
0-6924 of H,0 

4- 077 Total 

114-385 

10-308 

12,140 

11,770 

Normal benzene. 

C0 2 and H a O 

3-077 

13-3851 

3- 3846 of COjj 
0-6924 of I-I 2 0 

4- 077 Total 

114-385 

10-308 

10,000 

0,(530 


charge with from 10 per cent to 20 per cent, 
by volume, of cooled exhaust gases. By this 
means, the free oxygen is reduced and replaced 
by a mixture of carbon dioxide and nitrogen. 


any mixture of known composition could bo 
readily calculated—apart from boat losses to 
the containing vessel—provided tho sped do 
heat of the mixture were accurately known. 


Table IV 


Heat per Cubic Foot of Air-mixtures, anb Nitrogen Content, at 0° C. 
and Atmospheric Pressure 


1 Cubic Foot 
of Mixture of Air 
and 

Composition by Volume 
before Combustion. 

Proportion of Nitrogen 
in Mixture. 

C.Th.tT. 
of Heat from 

1 Cubic. Fool, 
of Mixture 
(Lower 
Values), 

6 . 

Fuel. 

Cubic Foot. 

1 . 

Oxygon. 
Cubic Foot. 

2 . 

Nitrogen. 
Cubic Foot. 

3. 

'Before 

Combustion, 

4. 

After 

Combustion. 

r>. 

Hydrogen 

•294 

•148 

•558 

•558 

•654 

48-2 

CO ... . 

•294 

•148 

•558 

•658 

•654 

5545 

Methane 

•0943 

■1902 

•7155 

•7155 

•7155 

BM 

Ethylene 

•005 

•196 

•739 

•739 

•739 

584 

Acetylene 

•077 

•194 

•729 

•729 

•758 

65-8 

Normal benzene . 

•027 

■204 

•770 

•770 

•700 

6(1'7 

Average petrol 

•020 

•206 

•774 

•774 

•735 

5145 


The total mass of the charge is maintained, 
while the addition to the inert gases reduces its 
inflammability, and thus prevents the occur¬ 
rence of pre-ignition even in sustained heavy 
load miming. 


For a small range of temperature, as from 0° 
0 . to 200° C., the specific heats of the ordinary 
“ permanent ” gases are roughly constant in 
value, and are given in Table VI. 

I Consider, for example, 1 cub. ft. of CO-air 
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mixture at 0° C. and atmospheric pressure. 
From column 6 of Table IV. this evolves 
on combustion 55-6 C.Th.U. of heat. Also, 
from Tables I. and IV. its mass is given by 
• 294/12-78 + 70(3/12*387 = -08 lb., while from 


Table VI. it is clear* that k v may be taken at 
the value (M.7 C.Th.U. per lb. for the mixture. 
If, then, this 1 cub. ft. of CO-air mixture bo ex¬ 
ploded at constant volume, with k v constant in 
value at 0-17, and no heat loss to the containing 


kinds all agree, however, in showing that 
no such high temperature as 4303° C. 
(abs.) is ever even approached; and that, 
in general, the maximum temperature (and 
consequently pressure) realised in constant 


volume explosion experiments is, roughly, 
about one-half only of that indicated by 
calculation made in the manner as just illus¬ 
trated. Thus Table VII. contrasts actual with, 
calculated temperatures and pressures from 


Table V 

Avbragh Calorific Values of the Usual Gaseous Fuels fer Cubic Foot at 0° C. 

and Atmospheric Pressure . 






Nature of Gas. 



Item. 


Coke 

Mond 

Pressure Producer. 

Suction Producer. 

Blast 

Furnace 

Gas. 

8 . 


Gas. 

1 . 

Oven 

Gas. 

2 . 

Gas. 

3. 

From 

Anthracite. 

4. 

From 

Coke. 

5. 

From 

Anthracite. 

6 . 

From 

Coke. 

7. 

Cub. ft. of air required per ) 


4-0 

1-1 

1-1 





cub. ft. of gas / 

Volume of mixture for 1 ) 
cub. ft. of giia (A) J 

C.Th.U. evolved on com-) 

5-0 


0-93 

0-92 

0-75 

G-0 

5-0 

2-1 

2-1 


14)3 

1-92 

1-75 

pick)eombviBtionof “A’’ )• 
{lower value) J 

C.Th.U. on complete com-) 

295 

235 

89 

89 

77 

77 

77 

59 

bustion of 1 cub. ft. of !■ 
mixture (lower value) J 

49 

47 

42-4 

424 


40 

40 

33 


Table VI 


Average Specific Heats, etc., of Gases between 0° C. and 200° C. 


Gas. 

Specific 
Gravity 
Hydrogen** 1. 

1 . 

Density in 
Lbs. per 
Cubic Foot 
at 0° C. and 
Atmospheric 
Pressure. 

2 . 

Average 

Specific Heats 
in C.Th.U. per Lb. 

lt= 

in 

Ft.-lbs. 
per Lb. 

0 . 

kp' 

7. 

kv for 

1 Cubic Foot 
of Gas 
at 0° C. and 
Atmospheric 
Pressure. 

8 . 

kp. 

3. 

kv. 

4. 

kp — ktu 

5. 

Dry air 

1444 

•08073 

•2375 

•1089 

— 


1406 

•01363 

Oxygen 

10 

•08944 

•217 

•155 


80-8 

1403 

•01386 

Nitrogen 

14 

•07826 

•244 

•173 

•071 

994 

1409 

•01354 

Hydrogen . 

1 


3-409 

2400 


1404 

1417 

•01345 

Carbon monoxide 

14 

•07820 

•245 

•173 

•072 

100-8 

1416 

•01354 

Steam . 

9 

•05031 

•49 

•37 

•12 

108 

1-32 

•0186 

Carbon dioxide . 

22 

•12298 

•210 

•171 

•045 

03 

1-263 

•02103 

Methane 

8 

•04472 

•593 

•407 

•126 

1704 

1-270 

•02088 

Ethylene . 

14 

•07820 

•404 

•332 

•072 


1-217 

•02598 


vessel, there would he attained a maximum 
temperatures T and pressure p (both abs.), 
such that 55*0 = *08 x -17 x IT -273), whence 
T —43(33° C. (abs.) and 

P T 

.. .. = ■— = 16 

14*8 273 ’ 

whence p ~ 236 lbs, per sq. in. abs. 

§ (71) Experimental Results. —The very 
numerous experiments that have been made 
upon explosive mixtures of many different 


constant volume experiments by Clerk with 
Oldham coal-gas-and-air mixtures initially at 
290° 0. (abs.), and 14*8 lbs. per sq. in. 

With reference to the figures given in 
column 2, which are calculated from the actual 
maximum absolute pressures attained (column 
1) by aid of the formula T/f 0 —p!p 0 , it may he 
observed that these do not give the highest tem¬ 
peratures existing at the instant of maximum 
pressure, but are merely averages. There is a 
hot nucleus of gases at considerably higher tern- 
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perature than those of the portions nearer the | heat of air remamed 

cool enclosing walls as haa already been pointed I that of CO, mcrcas^ljy ™«1.Y 

Table VII ' and Borthelot, from cxperi- 

Explosion or Mixtures or Oldham Gas and Am ments upon constant-volume 


Maximum, Actual. 


Volume 

Ratio 

«)l Mixture : 
Gas: Air. 


Pressure 
Attained, 
Lbs. per Sq. 
In. Abs. 

1. 

Temperature 
Calculated 
from 
Pressures 
° C. Abs. 

2. 

Maximum 
Temperature 
° C. Ate. 

3. 

Maximum 
Pressure, 
Lbs. per Sq. 
In. Abs. 

4 . 

55 

1078 - 

2059 

105 

66 

1294 

2185 

111 

75 

1470 

2331 

119 

76 

1490 

2501 

128 

93 

1823 

2943 

150 

102 

2000 

3607 

184 

105 

2058 

4081 

208 

106 

2078 



95 

1862 




out in § (59); the figures given in column 2 
closely approximate, however, to the mean 
“ mn.Yimnrn ” temperatures actually attained. 

§ (72) Variation or Specific I-Ieat. 1 —The 
characteristic equation of an ideally perfect 
gas is £)a = RT . , . (12), where R is the 
difference of the constant specific heats, k p and 
k v > and is therefore also a constant. 

But this equation is true for any fluid 
whereof the specific heat lc v is a function of the 
temperature only, provided that the difference 
of the two specific heats remains constant, and 
such a fluid will obey Boyle’s Law exactly at 
all temperatures ; this, however, will only be 
true if both k P and k v are independent of the 
density of the fluid. 

Joly found both for air and C0 a that k v 
appeared to increase slightly with density; 
thus in the case of C0 2 : 


At Pressure, 
Lbs./Sq. In. 
Abs. 

Density 
(Water = 1). 


106-5 

•01153 

•1684 

320-5 

•03780 

•1738 


an increase of about 3 per cent only. In the 
case of hydrogen the specific heat appeared to 
decrease slightly with increase of density. The 
variation with density has, so far, been treated 
as negligible, and experimentally obtained 
values of specific heat at various temperatures 
are resumed by empirically found functions of 
temperature only. 

§ (73) Relation between 7c p and Tem¬ 
perature. —Regnault examined the relation 
between k P and temperature in the case of air 
and C0 2 , and formed the conclusion that 
between - 30° 0. and +200° 0., the specific 
1 See “ Gases, Specific Heat of.” 


and Borthelot, from cxperi- 
ind Air ments upon constant-volume 

-—- explosions of mixtures initi- 

icitio of ally at atmospheric pressure, 

— deduced values of k v for tern- 

14 Theoretical on a no n e 

nil Temperatures peratliroS lip to AJUU O. I UP 

s’q. FrSmm air, steam, CO a , and other 

’*• gases, and concluded that the 

__ specific heat increased con- 

siderably with the tompera- 
ture in all the cases examined 
•031 % them. It is not (deal 1 , 

.595 however, that combustion 

,519 had ceased when their 

•554 measurements were taken. 

•504 Early constant-pressure ex¬ 

periments by Holborn and 
Austin on Air, Oxygon, and 
- Nitrogen, with electrical heat¬ 
ing of the gases, temperatures being measured 

by a thermopile, and heat-quantities by calori¬ 
meter, furnished the following results : 

Table VIII 

Mean k } , iron Am, Oxygen, and Nitrogen 
20-800° 0. (Ordinary) 

(Holborn and Austin) 

Mean Value of k,, for 

For a ______ 

Air. I Oxygon. I Nitrogen. 


For a 

Temperature 
Range from 


Nitrogen. 

ii. 


20-440° C. •2300 •2240 -2410 

20-030 -2420 -2300 •2404 

20-800 -2430 .. •2407 

Thus k P increases, though but slowly, in each 
case. Later experiments by Holborn atul 
Austin made at Berlin, 2 using the same method, 
gave the following results for Nitrogen, Steam, 
and 00„, for temperatures ranging from 
110° G. to 1400° 0. 

Table IX 

Mean h p for Nitrogen, Hticam, and 00 2 . 
110-1400° 0. (Ordinary) 

(Holborn and Austin, 1007) 

f" I Mean Value of /q> for I 


For a 

..—- - 


-- - 

Temperature 
Range from 

Nitrogen. 

1 . 

Steam. 

2 . 

UO a . 

8 . 

110 - 200 ° G. 
110 - 280 

•240 

•465 

•217 

110- 400 

•242 

•467 

•220 

no. 600 

•247 

•473 

•240 

110 - 800 

•251 

•482 

•250 

110-1000 

•264 

•404 

•258 

110-1200 

•258 

•510 

•2(54 

110-1400 

■262 

•532 

•272 

a British Association Mooting, 1.907. 
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These results indicate substantial increases 
in kj, with rise of temperature for all the three 
gases. Holborn and Austin have also calcu¬ 
lated the value of k v for C0 2 at temperatures 
from 0° C. to 800° C. from their own results 
and also from those of Langen’s and Mallard 
and Le Chatelier’s experiments. The figures 
are given hereunder: 

Table X 

Values of k p for C0 2 from 0 s 0. to 800° C. 

(Ordinary) 

(Calculated by Holborn and Austin) 


At 

Temperature 

0 C. 

Value of k p from 

Holborn 
and Austin. 

1 . 

Langen. 

2. 

Mallard and 
Le Chatelier. 

3. 


1 


•1880 

100 

•2101 

•2100 

•2140 

200 

•2285 

•2220 

•2390 

400 

•2502 

•2450 

■2840 

000 

•2078 

•2090 

•3230 

800 

•2815 

•2920 

•3550 


Holborn and Austin and Langen’s results 
are concordant, while those of Mallard and Le 
Chatelier show a much faster rate of increase 
of k v with temperature than either of the 
others. 

§(74) Clerk’s Experiments. 1 — In Clerk’s 
experiments both pressure and volume were 
varied simultaneously, the gas experimented 


upon being the mixture after explosion in a 
gas-engine cylinder behind a moving piston. 
1 Proc. Roy. Soc. A., 1900, Ixxvii. 499. 


The composition by volume of the mixture 
after explosion was as follows : Nitrogen, 75-0 
per cent; steam, 11-9 per cent; carbon di¬ 
oxide, 5-2 per cent; oxygon, 7-9 per cent. 

Hence from Tables I. and VI. we have for 
1 cub. ft. of this mixture at 0° C. and atmo¬ 
spheric pressure : 


Constituent. 

Cub. Ft. in 

1 Cub. Ft. 

of the 
Mixture. 

1 . 

Weight, in Lba. 
in i Cub. Ft. 
at 0° C. anti 
Atmospheric 
Pressure. 

2. 

C.Th.U. per 1° O. 
Rise of Tomiiornturo 
from 0-200° 0. 
aRi-ooiibly with 
Table VI. (at 
Constant Volume). 

3. 

Nitrogen 

•750 

•0587 

•010155 


•119 

■ 

WKBSm 

co a . 

•052 

I 


Oxygen. 

•079 

•0070 

mam 

Total . 

L000 

•0781 

■014557 


Thus 1 cub. ft. of the mixture, measured at 
0° C. and atmospheric pressure, weighs -0781 
lb. and agreeably with Table VI. should have 
a mean lc v between 0° C. and 200° C. of 
•014557 C.Th.U. or, in work units, 20-38 ft.-lbs. 

On referring to Table XI. it will be seen 
that the value of Ic v at 100° C. from actual 
experiment was 20-90 ft.-lbs. ; thus the experi¬ 
mental and calculated results here agree very 
well. 

After explosion the ordinary working stroke 
was performed, but instead of release taking 
place near the end of the stroke, both valves 
were kept closed while the 
crankshaft continued to revolve 
through the momentum of the 
engine fly-wheel, thus alter¬ 
nately compressing and ex¬ 
panding the entrapped mixture. 
An indicator diagram was 
taken, recording the changes of 
volume and pressure undergone 
by the gases. 

The gain of internal energy 
by the mixture during com¬ 
pression from any point A to B 
{Fig. 33) is equal to the external 
work (MABN) done upon tho 
mixture in compressing it minus 
the heat lost to tho cylinder 
walls in the interval; while 
during any expansion period, as 
BC, the loss of internal energy 
is equal to the external work 
(MBON) done by the mixture 
in expanding from B to 0, plus 
the loss of heat to the cylinder 
walls. 

The external work is readily 
obtained with considerable accuracy by plani- 
metrio measurements of the diagram, while the 
changes of temperature can be calculated from 


Table XI 

Apparent Specific Heat k„ from 0° C. to 1500° 0. (Ordinary) per 
Cubic Toot of Working Mixture at 0° C. and Atmospheric 
Pressure ,. 


Temperatures, ° C. 

Values of lc» per Cubio Toot. 

Ordinary. 

Absolute. 

By Experiment. 

By Calculation 
from 

In C.Th.U.* 

In Tt.-lbs, 

Equation (73'), 
in Tt.-lbs. 

1. 

2. 

3. 

4. 

5. 

-273 

0 



14-0 

0 

273 

•0140 

19-0 

19-0 

100 

373 

■1409 

20-9 

21 -0 

200 

473 

•0157 

22-0 

22-2 

400 

073 

•0171 

23-9 

24-0 

GOO 

873 

•0180 

25 -2 

25-2 

800 

1073 

•0187 

20-2 

26-1 

1000 

1273 

•1019 

20-8 

26-7 

1200 

1473 

■0194 

27-2 

27-1 

14:00 

1673 

•0195 

27-35 

27-38 

1500 

1773 

•0190 

2745 

2748 

00 

CO 

(-0200) 


28-0 


* Compare with column 8 of Table VI. 


VOL. I 


X 














306 ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


simultaneous values of p and v taken from the 
diagram, by aid of the relation pvj'p 0 v 0 T/T 0 , 
provided the temperature T 0 , at any one point 



Fig. 33. 

of the diagram be known. The loss of heat 
to the cylinder walls was estimated by a 
comparison of the compression curve with 
the immediately following ex- 


Or, k v , k v0 being values of the apparent specific 
heats at T, T„ respectively, 

H-H 0 =«(T-T 0 )- l jh„-k m ). ■ (74') 

By aid of this equation, and of equation 
(73'), Table XIa lias been calculated, giving 
values- of h v for this gas-engine mixture at 
every 100 degrees from 0° 0. to 2500" (.!., 
together with values of the internal energy 
(H-HJ, in ft.-lbs. per cub. ft. at 0” 0. and 
atmospheric pressure, relatively to 0° 0. as 
an assumed zero. 

On p. 20 of the 1th Report of the Gas Explo¬ 
sions Committee of the British Association 
(1914), a curve is given showing the variation 
of internal energy with temperature tor this 
mixture. This curve is considered to best 
resume the most reliable experimental results 
available ; it is reproduced in Fig. 33a. For 

Table XIa 


pansion curve on the assump¬ 
tion that the total heat lost by 
the mixture during any, the 
same, part of the stroke is 
the same during expansion as 
during compression for the 
same mean temperature. 

Clerk expresses the Apparent 
Specific Heat, h v> thus deduced, 
in ft.-lb. per cub. ft. of mixture 
at 0° C. and atmospheric press¬ 
ure; the corresponding values 
in C.Th.U. per cub. ft. are 
added in Table XI. His results 
are very closely resumed by the 
equation 

*-(§). 

where a, b , and l are constants, 
and T is absolute temperature 
in °C. It will he found that 
A =28, & = • 5, and 1 = '00186. 
For purposes of computation 
equation (73) is more conveni¬ 
ently written 

lo g 10 (i _ ||) = - °-30 10 3 

- -000808T, (73') 

and values calculated from this 
equation are given in column 
5 of Table XI. for comparison 
with those experimentally de¬ 
termined. The empirical equa- 


Values of h v and (II- H 0 ) fob Gas Engine Mixture 
(From Cleric’s experiments) 


Temperature 0 O. 

Ordinary. Absolute. 

Is11 

in Ft.-lbs. 
from 

Equation (73'). 

y 

from 

Equation 

(75a). 

II - Tin 

In Ft.-lbs. 
from 

Equation (7-0 

0 

273 

19’6 

1-390 

0 

100 

373 

21*0 

1-309 

2,047 

200 

473 

22*2 

1-349 

4,202 

300 

573 

23-2 

1-334 

(1,4(15 

400 

673 

24-0 

1-323 

8,835 

500 

773 

24-7 

1-314 

11,458 

000 

-873 

25-2 

1-307 

13,781) 

700 

973 

25-7 

1-302 

10,321 

800 

1073 

20-1 

1-297 

18,900 

900 

1173 

20-4 

1-294 

21,544 

1000 

1273 

20-7 

1-290 

24,183 

1100 

1373 

20-9 

1-288 

20,875 

1200 

1473 

27-1 

1-280 

29,508 

1300 

1573 

27-24 

1-2845 

32,293 

1400 

1073 

27-38 

1-2830 

35,017 

1500 

1773 

27-48 

1-2820 

37,704 

1000 

1873 

27-50 

1-2812 

40,521 

1700 

1973 

27-04 

1-2804 

43,278 

1800 

2073 

27-09 

1-2790 

40,051 

1900 

2173 

27-75 

1-2793 

48,819 

2000 

2273 

27-79 

1-2789 

51,597 

2100 

2373 

27-83 

1-2785 

54,370 

2200 

2473 

27-80 

.1-2782 

57,159 

2300 

2573 

27-88 

1-2780 

59,949 

2400 

2073 

27-90 

1-2778 

02,738 

2500 

2773 

27-92 

1-2770 

05,527 

3000 

3273 

27-97 

1-2771 

79,500 ! 

OO 

CO 

28-0 

1-2709 

0© 


tion (73) makes Jc v increase from 144) at the 
absolute zero of temperature, to an asymptotic 
value of 28-0 when T is infinite. 

§ (75).—-Integrating equation (73) gives for the 
increase in internal energy in this case, from tem¬ 
perature T 0 to temperature T, 

H-H 0 =a(T-T 0 ) + ‘|(e- 1T -e- 1T "). (74) 


comjjarison there is shown also the ourvo 
obtained by plotting (I-I~H 0 ) against T from 
the figures given in Table XIa. It will bo 
seen that the two curves agree very well 
from 0° 0. to 1600° C., but that at tempera¬ 
tures above 1600° 0. the Committee's curve 
rises somewhat abruptly above the other. 
The curve of equation (74') results from Clerk's 
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figures as given in Table XL, and is a regular 
curve with equation (74) as its Cartesian equa¬ 
tion. It has an asymptote H = 28(T - T 0 ) - 4510, 
to which it rapidly approaches, as indicated 
in the diagram. 


§ (70) Value oi? y iron tub Mixture.— Hero the 
relation p«=c'T gives 


_,j» 14-7 x 144 x 12-8 
° "T" 273 


= 00-25 ft.-lbs. per lb. 


As 1 cub. ft. at 0° G. and atmospheric pressure weighs 



The mean value of l s„ between T 0 and T is 
H-Hfl/T-To, and is therefore expressed by 

Mean . , (75) 

0 X Xq 


Estimation of If - H 0 from the Indicator Diagram. 
—from equations (13) and (74'), all quantities being 
in work-units, wo havo 


H - Ho - «(T—To) - \(h v - k m ) + f V pdv; 

Jib 


as pw=RT, this may bo written 


If Ho c=! -j^(pu—po^o)—*^(&a— fevo) 


rv 

+ pdv. 
Jy 0 


(74") 


rv 



ininablo from the indicator diagram and k v and 
k Vo are known from, c.g., Table XI. for the values 
of T corresponding to pv and p„v 0 , it is clear 
that equation (74") enables If—H 0 to bo readily 
ascertained. 

If in any specific case the expansion (or compression) 
curve can be resumed by an equation of the form 
pv n =n constant, then in such case wo have by aid 
of equation (33) 

H—H 0 = (p'»-~Pon 0 )—~j(.k v — k vo ), (74"') 


•0781 lb., 0 ' per cub. ft. =99-25 X -0781=7-75 ft.-lbs. 
Also, heat quantities being expressed in ft.-lbs., 
kj ,- k v ~ c '— i - ir >. But k ],- k v <= k v ( y - 1); lienco 

7-75 

7-1 + V-. - - - (75a) 

10 v 

Thus, from Table XI. wo havo 
Table XII 

Values oe 7 eiiom Values oir k u qivicn 
in Table XT, 


Temperature 

4 O. 

Aba. 

Ft.-lbs./Oub. Ft. 

y 

from 

Equation (75a). 

0 

14-0 

■ 1-553 

273 

10-0 

1-390 

373 

21-0 

1-309 

473 

22*2 

1-349 

073 

24-0 

1-323 

873 

25-2 

1-307 

1073 

20-1 

1-297 

1273 

20-7 

1-290 

1473 

27-1 

1-280 

1073 

27-38 

1-283 

1773 

27-48 

1-282 

00 

28-0 

1-277 


These values of 7 arc plotted against tho correspond¬ 
ing absolute temperatures in Fig. 34. Tor any 
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temperature interval the mean value of y can be 
readily obtained either from this curve, or more accu¬ 
rately by aid of equations (75) and (75a). An approxi¬ 
mation to the adiabatic curve for the mixture can 
then be obtained by assuming y constant at its mean 




Values of 7 for Gas Engine Mixture 
from Clerk's Experiments 
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Fig. 34. 


value over a number of successive small ranges of 
temperature, and drawing a series of curves within 
each range agreeably with the equation fvV— constant. 

From equations (9), (12), (13), and (73) we obtain 
as the equation of entropy 

<p-<po=a, log e Qyj + 0 ' log e (j-\ 

-ab. / -—dT, (75b) 

J To 1 

whence, putting <£- 0, we have for the adiabatio 

equation 

. £ ’ ios ‘ (£) io 3 • (%) ■ f®") 


P 


The impossibility of expressing the integral 
in finite terms renders these two equations 


unsuitable for arithmetical computation. When 6=0, 
equation (75b) reduces, of course, to equation (40). 

§ (77) Clerk’s Results. — Referring to 
these results of Clerk, Callendar 1 remarks : 
“ Since the temperature of a mass of gas when 
exploded in a closed vessel or in the cylinder 
of a gas engine is far from uniform, and since 
the actual distribution of temperature is 
necessarily somewhat uncertain, it is evident 
that the variation of the specific heats of the 
constituents with temperature cannot be 
ce.7tai.nly deduced from a knowledge of the 
heats, of combustion and the effective 
temperature. . . . 

It As possible, however, by explosion 
experiments to deduce values of the apparent 
or effective ’ specific heats which, in so far 
as they, approximate to the conditions existing 
111 , actual gas engine, may be of greater 

practical utility than the true specific heats. 

• • * method of Dugald Clerk in which 
6 s Jpecific heat is directly determined from 
e _, "work done on the charge after ignition, 


*•**» ***» 


appears to be particularly appropriate for this 

purpose.” 

It will be observed that Clork’s results aro 
somewhat higher than those of others; 
Callendar has stated (ibid.) that the values 
of the specific heats deduced from explosion 
experiments usually come out higher than 
those obtained by more direct methods, and 
considers that the errors incidental to both 
methods require further investigation. 

§ (77').—According to tlio kinetic theory of gases, 
their internal energy is the sum of tho translational, 
rotational, and internal-vibrational energies of their 
constituent molecules. Of these, tho translational 
motion alono causes tho gaseous pressure; tho 
internal-vibrational produces radiation; while the 
rotational appears to liavo no external physical effect,. 
Callendar 2 points out also that theory indicates 
that tho energies of molecular translation and rotation 
should vary directly as tho product pv, while the 
vibrational energy should vary with the temperature 
agreeably with a formula of tho exponential typo 
a(e£/^—1) —1. This is symbolically expressed by 
writing 

H=internal energy *=^pv+a(6^^-1 ) “ *, 


where f, a, /3, and X are constants. 

The product pv, though very nearly constant, 
appears to be expressible as a function of p ami 
T; thus Kelvin (Math, and Phys. Papers, vol. i.) 
found that for tho usual permanent gases, including 
C0 a , an equation of tho typo po~--‘CT. — h(pj'T)' i will 
resume the observed facts. Taking this, wo liavo 
H=fcT— £b(p/T) a +a(eP/^~ I)’ 1 ; whence 





a/3 

A 


(A) 


From these considerations it seems just possible 
that the extreme closeness with which Clerk’s 
experimental results aro resumed by equation (73) 
may be somewhat more than a coincidence. 

§ (78) Variable Specific Heats,—-I n an 
ideal perfect gas both Je v and h v are constant, 
and the quantity R in the characteristics equa¬ 
tion pv = RT , . . (12) being equal to h. p ~k v 
is also constant. But, as has already been 
pointed out, equation (12) is also true for Iliads 
for which h p and Ic v aro any functions of T, 
provided only that {h v ~h v ) is constant; and 
such fluids will obviously obey Boyle’s Law, 
since pv will still bo constant when T is 
constant. Suppose, then, that /^=F(T) and 
lc v — F(T) + R ; if heat <£H bo supplied to 
unit mass of such a fluid wo shall have by 
equation (13) all heat-quantities being ex¬ 
pressed in work-units: 


dH = F(T)dT-l-jjdv. . . (].;$') 

If the changes be isothermal, «!T=0, and 
hence whatever F(T) may bo, wo must have 
all —pdv — external work—as in the ease of a 
perfect gas already considered. As by equa- 

a Ibid. n. 32. 
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tion (12) p= R/T/u, equation (13') gives at 
once as the equation of entropy 


d<p = 


dH_ F(T) 
T " T 


iT+R* 

V 


(70) 


Putting d(p =0 gives as the differential equation 
to the adiabatic, 


fflcZT + R~=0. 
T v 


(77) 


§ (79) Values op K r ~It is now fully 
established that 7e v for gases is not constant 
but that it increases with the temperature 
(and probably changes slowly also with 
density), and the results of experiment are 
very commonly resumed by simple equations 
of the form 


k v =a +/3T. . . . (78) 

Thus Clerk has given the following as fairly 
resuming Mallard and Le Chatelier’s experi¬ 
mental results: 


Gas. 

Jcv = a +/3T = 

Nitrogen .... 

•171-1--0000215T 

Steam. 

•3116 + -000182T 

co,. 

•1423 + -0000834T 

Oxygen .... 

■150 + -OOOOI 88 T 


in C.Tli.U. per lb., and T in 0 C. (abs.). 


and all the quantities on the right-hand side of this 
equation being immediately determinable from the 
indicator diagram, the value of If-1I„ is known 
when using any working mixture for which a and /3 
and R have been previously ascertained. 

Whenever the expansion or compression curve can 
bo expressed in tho form j>v n = constant, equation 
(71)') by aid of equation (33) takes tho simplo form 

H - - Wo) +p 0 Vo) |. 

(79") 

Also equation (7(5) becomes 

#“(|+/3)«*T+R^, . . (80) 

the differential equation of ontropy, giving on 
integration 

<l>-<l>o=<x log t , -|-/3(T- T 0 ) +R loga , (81) 

whence, putting cp- </> 0 —A), wo have as tho adiabatic 
equation in terms of v and T, 

a l0ge (i) +B> loge (J, n ) + ^ T - T <>) =°> ( 82 ) 

which is also sometimes written in tho form 

From tho relation jpu=RT, equations (82) and (82') 
may also appear as 


It may bo pointed out here that in all oases where 
the efficiency of a cycle is expressible by equation 
(71), any increase in the value of Jc v diminishes tho 
efficiency, and vice versa. For denoting efficiency by 
V> a nd putting R ,/k v for (y-1), equation (71) beoomos 
/i \ B./*« 

»-i-G) ; • < 7ia > 

and differentiating all across witli respect to lc„ gives 
dr, JR /l\ a/ *« /1\ R mW*. 

ar*.* KV ge w“"vw loge/> ‘ 

(71b) 

As R, Ic v , and p are essentially positive, and p is 
always > 1, dr,/ die. v is always negative, and thus dr, 
and dh v have opposite signs. 

§(80) Estimation on H - H„ .from Indi- 
oator Diagrams. —When h v is expressed in 
tho simple form as given in equation (78), wo 
, have for tho increase in internal energy at 
constant volume corresponding to a change of 
temperature from T 0 to T, 

H - H 0 =a(T - Tp) + |(T» - Tp»). ( 79 ) 

From equations (13) and (79), when v ohangos, all 
quantities being expressed in work-units, 

H- Hp-a(T - Tp) +^(T 2 - To 2 ) + Fpdv. 

Z Jvo 

As pw=RT . . . (12) this may be written 

II - H 0 =(pv - p 0 v 0 ) I ~ -1- Jj-tjm +p 0 v 0 ) | J ph>, 

(79') 


al ° S “(po) + ( a+lt ) lo S‘-'(“) +f(2>»-JPot'p)-a 


(83) 


or 

And 


-f-R Plll(2W-ihVo) 


(V \ a / v \ “ 

U [J e “ L (880 

(a+R) log e -|-R log e +j8(T-Tp)-0, (84) 

foo\ R /T \ a-l-R /3(T — T») 

01 w \T 0 j e -1. • (840 


On putting /3 =0, equations (82), (83), and (84) reduce 
to equations ( 22 ), ( 20 ), and ( 21 ) respectively. 

The adiabatic curve may bo drawn from a given 
initial condition ( 2 > 0 ii 0 T 0 ) by assuming any T and 
thonoo determining tho corresponding v from equa¬ 
tion (82) or p from equation (84); tho remaining 
quantity is thou immediately found by aid of tho 
equation pa<=RT. 


§ (81) Otto Cycle with Variable Sphcthtci 
Heat. —It is of interest to compare the 
efficiency of the Otto cycle using a fluid of 
variable specific heat with that obtained on 
tho usual simplifying assumption that is 
constant, as in §§(36) and (45); the data 
assumed are as in § (51), viz. tf o =300° C. (abs.), 
t g = 600° 0. (abs.), T=2000° C. (abs.), and 
^ 0 = 14-7 lbs. per sq. in. (abs.); see Mg. 21. 

Instead of air, the working fluid is now 
1 cub,' ft. at 0° 0., and atmospheric pressure, 
of Clerk’s gas-engine mixture as described in 
§ (74), obeying the law s 


144j5V=7-754T. . . (.1.2") 
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The variation of k v with temperature ^ is 
exhibited in Fig. 35, plotted from Table XL, 
and from this curve the following linear 
formulae are easily deduced for the value of 
i: v over the four temperature ranges taken: 


Temperature Range in 0 C. 
(Abs.). 

kv in Ft.-lbs./Cub. Ft. 
a+/3T. 

300-600 

16-8 +-OUT 

600-1000 

19-65 + -00625T 

1000-1500 

23-2 + -0027T 

1500-2000 

26-5 + -0005T 


Then to obtain points on the adiabatic 
compression curve we have the relations 
v- (300/273) x 1 =1-0989 eub. ft., whence equa¬ 
tion (82) becomes, using common logs, 

16' 81 og (tt) +7-754 log 

+ 4343 x-011(T-300) =0. 
Assuming a series of values of T between 



300° C. and 600° C., this equation gives 

immediately the corresponding values of v; 
and p is then found from v by aid of equation 
(12"). Proceeding in this way we get 

T= 300 350 400 500 600 

o= 1-0989 0-7330 0-5413 0-2736 0-1599 

p= 14-7 25-7 42-2 98-5 202 

from which the compression curve can be 
plotted. The explosion pressure P is obtained 
from P/p c =T/f c ; thus substituting the values 
P=202 x (2000/600) = 673-3 lbs. per sq. in. 

The adiabatic expansion curve may next 
be obtained by the same method as that 
adopted for the compression curve, taking 
a =26-5 and /3 = -0005 from 2000° C. to 
1500° C., and a=23-2, /3 = -0027 from 1500° 
C. to 1000° C.; this furnishes the following 
figures: 

T= 2000 1900 1650 1500 1250 1100 

v=-1599 -1918 -3156 -4413 -8306 1-28 

p= 673 532 282 183 81 46 

The pi?-diagiam plotted from these results 
is shown in Fig. 36; it will be noted, by 


comparison with the results obtained in § (51) 
for the case in which k v is constant, that 
working between the same limits of tempera¬ 
ture, and with the same temperature of 
compression, the ratio of expansion with 
variable specific heat is 6-87, as compared with 
5 -47, when Jc v is constant; while the maximum 
pressure with variable Jc v , duo to the greater 
compression ratio, is also greater than that 



in the simpler case. In an actual engine the 
total expansion ratio is fixed; taking this 
at 5-47, as in the case of § (51), wo shall 
have for the volume during explosion 
v 0 = 1-0989/5-47=0-2009 cub. ft.; the corre¬ 
sponding compression temperature-, from 
equation (82), will be * 0 =550“ G. (aba.), and 
pressure, from equation (12"), p fl = 149 lbs. per 
sq. in. abs. (approx.), whence the explosion 



pressure is now reduced to V-(T/l 0 )p a ~-5?,(‘> 
lbs. per sq. in. (abs.). The diagram for an 
expansion ratio 5-47 is shown by dotted linos 
in Fig. 36. . 

§ (82) Otto Cycle Temperature Entropy. 
—The temperature-ontrojjy diagram for the 
300 o -600°-2000° 0. case of Fig, 30 is exhibited 
in Fig. 37, the curved portions being obtained 
by aid of equation (81), using corresponding 
values of T and v already obtained. The effici¬ 
ency, being the ratio of KOEHK to MCFNM, 
may be found either by planimetrio measure- 
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merit of ilie.se areas, or by direct calculation 
of the quantities of heat received and rejected 
at constant volume from equation (79), the 
value of T a (at II) being taken from the T - <p 
diagram ; both methods agree in giving 044 as 
the value of the efficiency. 

With constant specific heat it has already 
been shown that for the Otto cycle the 
efficiency is 1 ~(t t /t c )~0-5 (vide equation (70) 
and § (45)); thus when Jc v is expressible in the 
form a+ft T and (k v - h v ) is constant, efficiency 
is diminished. 

§ (83) Otto Cycle Ideal Efficiency.— 
Cleric 1 has calculated by a method of suc¬ 
cessive approximations values of the ideal 
efficiency of the Otto cycle when using the 
mixture of gases whose Apparent Specific 
Heat is as given in Table XL, and his results 
are given hereunder; corresponding values 
of efficiency with constant lc v are given, 
calculated from equation (71) ; it will be ob¬ 
served that the efficiency with variable l: v is 
always less than that with h v constant: 

Table XIII 


Ideal Efficiencies of Otto Cycle compared. 
Initial Temperature 273° 0. (Ana.); y for 
Compression taken as 1-37 (vide Table XII.). 


1 

Upper Limit 
of Temperature. 

Efficiency with 
ku Constant 
(Equation (71)). 

3. 

1873° C. 
(Aim.). 

1 . 

1273° a. 
(Alls.). 

2 . 

i 

•105 

•200 

•246 

i 

•280 

•293 

•300 

i 

•354 

•350 

•430 

I 

li 

•384 

•394 

■480 

1 

•430 

•443 

•550 


§ (84) Efficiency ; “ Ant Standard." —It 
has already boon pointed out (§ (37)) that 
if I//j denote the valuta of the adiabatic com¬ 
pression ratio in the throe ideal cycles of con¬ 
stant pressure, constant volume, and constant 
temperature, then the efficiency is, in each 
case, expressed by the same formula, viz. 

Efficiency = 1- \ . (71) 

If the working fluid bo air assumed as 
possessing a constant value of y — I -4, this 
equation becomes 

© O' 4 

, • (7P) 

and in this form is termed the “ Air Standard ” 
of efficiency, and has been largely employed in 
the past as representing the theoretical maxi¬ 
mum of performance for any given value of p. 

1 Proc. Inst. C.E., 1907. 


It is clear, however, from the above dis¬ 
cussion that when the specific heat is vari¬ 
able, and not constant, that equation (71G 
represents an unattainable ideal. Clerk has 
pointed out that in the cases taken in Table 
XIII. the air standard ” values are roughly 
about 20 per cent too high. Much more 
information is, however, still required before 
even the apparent specific-heat values are 
accurately known for the various mixtures 
of gases and vapours employed in gas and 
oil engines. When these values become 
accurately assignable each engine can be 
separately investigated and the Teed efficiency 
of its working fluid determined. The propor¬ 
tion borne by the actual thermal efficiency 
as determined by test to the real efficiency 
will then give a true measure of the degree 
of excellence of its performance, and indicate 
the exact margin remaining for improvement. 

On the general question of the values of 
and lc v for gases and gaseous mixtures 
reference may he made to the 1st and 2nd 
Reports (1908-9) of the Gaseous Explosions 
Committee of the British Association. Clerk 
(Proc. I.C.E., 1907), however, makes the useful 
suggestion that if y be taken at the constant 
value L285 for the expansion curve, and at 
1-370 for the compression curve, then for the 
ranges of temperature met with in gas-engine 
practice no serious error is introduced. 

d. o. 

G. A. E. 

ENGINES, SOME TYPICAL INTERNAL 
COMBUSTION 

§ (1) The “ Internal ” Combustion engine is 
so called because the gaseous or vaporised 
fuel, mixed with air, is burned or exploded 
within the working cylinder itself in contrast 
with earlier types of heat engine in which 
the working fluid, steam or air, is generated 
or heated by an external furnace. Eor the 
history of the development of the Internal 
Combustion engine reference may be made to 
Sir I). Clerk’s work on The Gas, Petrol, and 
OH Engine (Longmans, 1909). 

The engineering thermodynamics of Internal 
Combustion engines are dealt with in the 
article “ Engines, Thermodynamics of In¬ 
ternal Combustion ” ; in this article some 
account is given of typical actual engines. 

§ (2) The Cycle. —All modem internal com¬ 
bustion engines work on either the four-stroke 
or two-stroke cycle, with combustion either at 
constant volume or at constant pressure, or at a 
combination of both these methods. Of these 
the constant volume (Otto) four-stroke cycle 
engines form by far the largest class. A very 
great deal of attention is, however, now being 
given to the improvement of the two-stroke 
cycle engine, which has long been established as 
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a reliable and economical prime mover in large 
stationary engine practice, and is now rapidly 
increasing in favour, in single- and two- 
cylindered designs, in the small quick-speed 
petrol types used in the propulsion of motor- 
launches and cycles on account of its great 
simplicity and relatively low production cost. 
Its extended adoption in motor vehicles in 
general is regarded as not unlikely in the near 
future. 

The constant pressure class, typified by the 
Diesel engine, in both four-stroke and two- 
stroke designs, includes also the somewhat 
numerous so-called “ semi-Diesel ” engines, of 
which one is described and illustrated later. 
In these “ semi-Diesel ” oil engines the fuel 
admission is, in general, so regulated that 
combustion takes place partly at constant 
volume, and partly at (approximately) con¬ 
stant pressure. 

§ (3) The Fuel. —The fuels now success¬ 
fully employed are also numerous and various. 
Among gaseous fuels are: —Coal gas; pressure 
and suction producer gases (Dowson, Mond, 
National, Crossley, etc.); coke oven gas; 
blast furnace gas ; natural gas (mainly in the 
U.S.; principally C!H 4 ); and water gas. Of 
liquid fuels may he mentioned petrol; kero¬ 
sene (paraffin, or lamp oil); intermediate oils ; 
gas oils; crude oils (filtered and freed from 
volatile constituents); residual oils ; benzol; 
shale oils ; coal tar oils ; lignite oils ; and 
alcohol; and mixtures of these, as, e.g., of 
petrol, benzol, alcohol, and kerosene. Solid 
fuels are not yet practicable, though, in the 
laboratory, Diesel engines have been made 
to run on coal dust, and engines of the Otto- 
cycle motor-car type on naphthalene. 

§ (4) The following have been selected for 
description and illustration as typical engines 
exemplifying present-day practice: 

A. Constant Volume Type 

(a) As a four-stroke Stationary Horizontal 
Single - cylindered engine of medium power 
— the 100 Horse-power “National” gas 
engine. 

(6;) As a four-stroke Stationary Vertical 
Multi-cylindered engine of medium power—• 
the Two-crank, 300 Horse-power, Tandem 
Four-cylindered engine of the National Gas 
Engine Co. 

(c) As a four-stroke Stationary Horizontal 
Two-oylindered engine of largo power—the 
Double - acting Tandem Single - crank 2500 
Horse-power Nuremberg gas engine. 

(cl) As a two-stroke Stationary Horizontal 
Single-cylindered engine of small power— 
the early Clerk gas engine. 

(e) As a two-strolce Stationary Horizontal 
Single-cylindered Double-acting engine of 
large power—the Korting gas engine. 

(/) As a special two-stroke Stationary Hori¬ 


zontal Single-cylindered Single-acting engine 
of large power-—the Oecholhauser gas engine. 

(g) As a typical “ Paraffin ” engine—the 
Horns by- Akroyd oil engine. 

B. Constant Pressure Type 

(A) A description is given, with illustra¬ 
tion, of a normal four-stroke Diesel engine, 
with some account of the two-stroke Diesel, 
and an illustrated description of a Ruston 
“ semi-Diesel ” engine. The large class of 
small, usually multi-cylindered, quick-revolu¬ 
tion internal combustion engines as used for 
the jH'opulsion of motor vehicles, launches, 
aircraft, etc., form the subject of a separate 
section. 

§ (fi) («) The 100 II. P. Horizontal 
“ National ” Gas Engine, (i.) Description .— 
A vertical longitudinal section of this single- 
cylindered engine is shown in Fig. 1. Within 
the “ working barrel ” or “ cylinder liner ” 
AA slides a cast-iron piston BB attached to 
the crank-shaft by the connecting rod CO. The 
piston fits the cylinder very accurately, hut 
complete gas-tightness is ensured by six cast- 
iron spring lings DD. The piston is oiled by 
means of the lubricator E, and through the 
hole shown in the piston “ skirt ” oil is also 
enabled to reach the “ small end ” or “ gud¬ 
geon bearing ” of the connecting rod. At the 
left-hand end of the cylinder is the combustion 
chamber H, within which are placed the inlet 
valve I and the exhaust valve K ; holes above 
these valves, filled by easily removable plugs 
LL, permit them to he readily withdrawn for 
examination and repair or replacement. 

The working barrel of the cylinder, the 
combustion chamber, and the valve casings 
are all well cooled by a water jacket WWW; 
it will be soon that the combustion chamber 
is a casting separate from that of the working 
barrel, and that the inlet valve easing is also 
a separate easting. By disconnecting those 
three castings all jacket water spaces are 
exposed, and can he thoroughly cleansed from 
deposit; as pointed out in the article “Engines, 
Thermodynamics of Internal Combustion" 
(§ (62)), adequate cylinder and combustion 
chamber cooling becomes a matter of increas¬ 
ing importance aa the dimensions of gas 
engines become larger. The arrangement 
here adopted necessitates making a double 
joint; of these the inner is made with asbestos, 
and is screwed up hard so as to be tight under 
the explosion pressure; the outer joint, 
having only to maintain jacket water tight¬ 
ness, is made with yielding rubber. The valve- 
stem guides are also separate castings easily 
replaceable after wear; in the case of the 
exhaust valve it will he seen that the design 
permits close access of cooling water all round 
the stem ; the' exhaust valve seat is also so 
arranged as to be efficiently water-cooled. 
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The cylinder lias a bore of 16 inches with a 
piston stroke of 22 inches; the piston and valves 
are not water-cooled. The working barrel, or 
cylinder liner, MM, is screwed up hard to the 
combustion chamber casting at the rear (left- 
hand) end, while at the front end an expan¬ 
sion joint is provided with the jacket 
casing PP ; the working barrel becomes much 
hotter than the outer casing of the jacket, 
and it is very necessary to make provision 
in this way for the difference of expansion 
thus arising in order to prevent the crea¬ 
tion of large internal straining actions with 
consequent risk of distortion or rupture of 
castings. 

A light oast-iron oil trough RR fitted in the 
crank-pit prevents waste oil from saturating 
the engine foundations. 

(ii.) Method of Working .—To start the 


and air is drawn into the cylinder; (3) the 
second in-stroke then follows, compressing 
this fresh, charge into the combustion chamber 
II ; (4) at the commencement of the next 
out-stroke the mixture is ignited by a spark 
at the ignition plug S, explosion occurs, and 
the piston is driven forward. This cycle is 
then repeated continuously so long as the 
engine runs. 

It will be seen, therefore, that the engine 
works upon the Otto, or four-stroke, cycle, 
of suction, compression, working, and exhaust 
strokes, and that the piston accordingly 
receives one working impulse in every two 
revolutions of the crank-shaft; the momentum 



'////y/ss 
'/?///, vs, 

//j 


fra. 1,“National Gas Engine. 

engine, the fly-wheel is pulled round by band 
until the piston has definitely commenced its 
working stroke; an explosive mixture of 
ooal gas and air is then pumped by hand, 
through a small auxiliary valve, into the com¬ 
bustion chamber; failing coal gas a small 
quantity of petrol is used. The explosive 
mixture tlms introduced is then fired by a 
spark at tho ignition plug S obtained by 
operating the (low-tension) magneto by hand. 
A working stroke of the piston immediately 
occurs, and considerable momentum is im¬ 
parted to the fly-wheel; the subsequent order 
of operations is as follows ; 

(1) During tho return stroke of the piston 
tho exhaust valve EL is lifted and the burnt 
gases are discharged through the exhaust 
pipe, and silencing apparatus, into the atmo¬ 
sphere ; (2) during the second out-stroke the 
inlet valve I is open and a fresh charge of gas 


of the very massive fly-wheel T preserves the 
necessary degree of uniformity of rotation. 

The engine is governed by a variable admis¬ 
sion device operated by a governor of centri¬ 
fugal type by which the mass of the charge 
and also the supply of coal gas are reduced 
as the load on the engine is diminished. 
Below quarter load the governor acts by 
cutting out ignition. 

(iii.) Details of Worbing .—The ratio of com¬ 
pression, 1/p, is about 1 / 5 - 5 , whence by equa¬ 
tion (71') of the “ Engines, Thermodynamics 
of Internal Combustion,” article, the “ air 
standard” efficiency is 1 - (l/p)°' 4 =0 - 494 ; with 
this value of 1/p, which corresponds to a com¬ 
pression pressure of about 140 lbs. per sq. 
in. (abs.), pre-ignition is avoided without the 
necessity of injecting a spray of water into 
the cylinder at full load running. If p denote 
the mean effective pressure during the working 
stroke, in lbs. per sq. in., as ascertained from 
an indicator diagram, and if 

d= Diameter of piston, in inches, 
s =Stroke of piston, in inches, 

■n= Number of revolutions per minute of 
crank-shaft, 

then the work done by the engine is expressed 
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by H-/4 x d 2 x p x *712 x m/2 foot-lbs. per minute, 
and 'the indicated horse-power (I.H.P.) is 
1/33000th of this, whence 

I.H.P. =992. cpsnp x 10' 9 . . (1) 

The Brake Horse-power (B.H.P.) is less than 
the I.H.P. by the power necessary to over¬ 
come the frictional and fluid resistances of 
the engine itself ; the ratio B.H.P./I.H.P. is 
termed the mechanical efficiency of the engine, 
and is usually denoted by the symbol -q ; 
hence, as t?=B.H.P./I.H.P., we have from 
equation (1) 

B.H.P. = 992. d-smip x 1(H. . . (2) 
The product ijp is termed the “ brake mean 
effective pressure,” and is largely used in 
calculations of the performance of small fast¬ 
running internal combustion engines of the 
petrol motor type with wliich it is impossible 
to obtain reliable indicator diagrams under 
ordinary circumstances. 

The total distance, <r feet, covered by the 
piston in one minute is termed the “ piston 
speed,” and is evidently equal to 2 n x a/ 12 ; 
thus 

Piston speed= 0 -=^-. . . (3) 

(iv.) Performance .—The performance of this 
100 h.p. National gas engine has been ascer¬ 
tained by numerous tests in practice, and has 
been found to be as follows: 


Fuel used. 

Maximum. 

I.H.P. 

Maximum. 

B.H.P. 

Mechanical 

Efficiency. 

V- 

Coal gas 

Ill-2 

94-2 

•847 

Benzol 

99-5 

82-5 

■830 

Anthracite pro-) 
ducer gas / 

93-7 

76-7 

•819 

Coke producer"^ 
gas j 

88-0 

71-0 

■807 


the revolution speed being 210 per minute. 
It will be noted that at this speed the power 
required to overcome engine frictional and 
fluid resistances is 17 I.H.P. From equation (1) 
the corresponding mean effective pressures are, 
in lbs. per sq. in. : 


Fuel. 

2 > = 

7)P = 

Coal gas. 

95 

80-5 

Benzol. 

85 

70-5 

Anthracite producer gas . 

80 

65-5 

Coke producer gas . . 

75 

60-5 


while the piston speed corresponding to 
210 r.p.m. is 770 feet per minute. 

Horizontal single-cylindrical “ National ” 
gas engines of this type are built up to a 
maximum of 185 brake horse-power; for 
higher powers multiple cylinders are used, in 
both horizontal and vertical arrangements; 
one of the latter is next described. 


§ (6) (b) Tub 300 H.P. Vertical “National ” 
Gas Engine, (i.) Description. —A transverse 
section of this four-cylindered two-crank 
tandem gas engine is shown in Fig. 2. 

The engine comprises two pairs, each con¬ 
sisting of two cylinders A and B placed one 
above the other, each pair being connected by 
a connecting rod C with a crank D ; tlio upper 
pistons are each 18 inches in diametor and the 
lower each 17 inches, witli a stroko of 18 
inches: and the engine runs normally at 
300 revolutions per minute, so that the piston 
speed (equation (3)) is 900 feet per minuto. 

The upper and lower piston of each pair are 
connected by a cast-iron sleeve, or distance 
piece, 4| inches in diameter, through which 
passes a long nickel steel bolt by means of 
which the three pieces are tightly held together; 
the pistons are not water-cooled but are cast 
with an internal conical web EE wliich assists 
in the conduction of heat from the piston 
crown—normally one of the hottest parts of 
an internal combustion engine. Gas-tightness 
is ensured by the live cast-iron spring rings 
shown; near the bottom of tho skirt of tho 
lower piston is placed a sixth, or “ scraper,” 
ring, to prevent the passage past tho piston of 
oil from the crank chamber. 

The lower portion of tho upper cylinder 
contains only air, which is alternately coin- 
pressed and expanded during tho running of 
the engine, and by its “ cushioning ” action 
contributes greatly to softness of running by 
assisting to reverse the motion of the pistons 
when at the bottom of their stroke ; the cranks 
are also balanced to further aid smoothness in 
running. 

Each cylinder liner with its water jacket 
casing is a separate casting, but there is a 
gap at the lower end of each, between liner and 
casing which is fitted with a water-tight pack¬ 
ing ring so arranged as to permit any relative 
movement duo to difference of expansion ; 
the lower portions of the cylinder liners are 
not water-jacketed. 

The inlet valves I, I' and exhaust valves K, 
K7 open into a common port, and are placed 
one above the other, the inlets being on top. 
Both inlet and exhaust valves are of cast- 
iron, as are also the coned seats in which they 
rest;. the seats are, however, separate rings 
capable of easy removal and replacement 
after wear. The inlet valves carry on their 
stems gas valves M, M', which have no seats, 
but slide within a well-fitting cylindrical 
housing; the gas and air supply passages are 
formed by the partitioned casing N, N\ Tho 
gas valves M, M/ open later and close earlier 
than the charge inlet valves I, I'; this prac¬ 
tice is common to all large gas engines and is 
adopted to avoid risk of pre-ignition of fresh 
charge by any residual smouldering or highly 
heated exhaust gas remaining over from the 
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previous cycle. When the inlet valve opens 
at the end of the exhaust stroke the com¬ 
bustion chamber contains hot burnt gases 
from the previous explosion; the first inrus h 


the charge inlet valve I closes, N' is filled with 
pure air in readiness for the commencement 
of the next suction stroke. 

A centrifugal shaft governor regulates the 



of pure air cools this, and the subsequent 
supply of mixed gas and. air can then safely 
enter. Towards the end of the suction stroke 
the gas valve closes, and the final suction is 
from the lower air chamber N' only ; thus when 


supply of mixture to the engine by the “ quan¬ 
tity ” method, in which the composition of 
the charge remains sensibly constant, while 
its mass is varied to suit the load. 

Forced lubrication is used for all recipro- 







316 


ENGINES, SOME TYPICAL INTERNAL COMBUSTION 


eating and rotating parts, the oil being supplied 
by engine-driven valveless pumps at a pressure 
of 20 lbs. per sq. in.; after use the oil returns 
to the crank casing and drains into a “ sump,” 
where it is filtered before passing into the 
oil pumps by which it is again delivered to 
the bearings. The lower cylinders are lubri¬ 
cated by the oil which comes from the cross¬ 
head or “ gudgeon ” bearings, while the upper 
cylinders and metallic-packed joint of the 
piston rod where it passes between the two 
cylinders are supplied by a sight-feed lubri¬ 
cator fed by a small pump operated by the 
engine. Starting is effected by means of 
compressed air. Ignition is by high-tension 
magneto, with two “ sparking plugs ” PP in 
each cylinder. 

The arrangement of the valve-driving shaft, 
which is gear-driven from the crank-shaft so 
as to run at half-speed in a four-stroke cycle 
engine, is clearly indicated in the figure; 
the cams and rollers by which the valves are 
operated are of case-hardened steel. 

(ii.) Performance. — On test, one of these 
engines developed 404 indicated horse-power, 
and 362 brake horse-power at 299 revolutions 
per minute; the power was absorbed by a 
Heenan and Fronde hydraulic brake. These 


the known value 0-896, wc have also for 
mean effective pressure, p — 57/-890 — 63-6 


the 
11 ns. 


per sq. in. 

Tandem single-acting vertical engines of 
this type, are made from 186 to 1000 horse¬ 
power ; the 1000 H.P. engine has eight 
cylinders (four pairs) operating four cranks. 
The cylinders of each, pair arc 22 inches find 
23 inches in diameter respectively ; the stroke 
is 24 inches, and the normal revolution speed 
is 200 per minute, the corresponding piston 
speed being 800 feet per minute. 

§ (7) Relation of Weight to Power. —In 
all engines the weight per unit of power 
developed increases with increase in dimen¬ 
sions, and this is one of the reasons in favour 
of the adoption in many cases of the nuilti- 
cylindered design. The following Table, com¬ 
piled from actual engines, brings out this point 
clearly ; the rated B.H.P. is given, using blast¬ 
furnace gas as fuel; and the engine weights 
per B.H.P. are given exclusive of weight of 
fly-wheel. In large horizontal tandem double- 
acting gas engines the inclusion of the fly¬ 
wheel weight adds from 60 to 60 lbs. to tho 
weight per B.H.P. Tho fly-wheel alone of a 
1500 B.H.P. engine of this typo commonly 
weighs about 35 tons. 


Table I 


Weights per B.H.P. of Different Types of Gas Engines 


Rated 

B.H.P. 

1. 

Single or 
Double 
Acting. 

2. 

Piston 

Diameter x Stroke 
(Inches). 

8. 

No. of Cylinders and 
Arrangement. 

•1. 

2-Btroko or 
4-Striilco 
Clyde. 

n. 

llevolntlmiH 

pur 

Mitm lit). 

n. 

Pinion 

Spued 

Ft,/Mill. 

Weight per 
Hated II. 11,1*. 
(1dm.). 

H. 

750 

S.A. 

18 x 18 

6 ; 3 pairs ; vertical 

4 

300 

000 

117 

1250 

S.A. 

26 x 24 

„ „ 

4 

200 

800 

■150 

800 

D.A. 

28 x 34 

2 ; tandem ; horizontal 

4 

130 

730 

240 

110 

S.A. 

20 x 31 

1 ; horizontal 

4 

170 

507 

270 

1000 

D.A. 

32 x40 

2; tandem ; horizontal 

4 

HO 

733 

270 

800 

S.A. 

51£ x 55 

1; horizontal 

4 

75 

470 

448 

400 

S.A. 

24 x 30 

1; 2 pistons; horizontal 

2 

130 

650 * 

179 

1000 

S.A. 

34 x 37.1 

» „ 

2 

125 

781 * 

179 

750 

S.A. 

30 x 371 

„ „ 

2 

125 

781 * 

1H5 

400 

D.A. 

221x 391 

1 ; horizontal 

2 

110 

7251 

.196 

600 

D.A. 

274x48“ 

„ 

2 

no 

720 f 

220 

1000 

D.A. 

37$ x 63 

,, 

2 

70 

7351 

231 

1500 

S.A. 

42 x51 

1; 2 pistons; horizontal 

2 

94 

707 >h 

269 


* The relative piston speed is twice as great in these, the “ Oocholhanser ” engines • see §(111 infra 
t Koerting Engines; see § (10) infra. 


results give the high value -896 for the 
mechanical efficiency ; to determine the 
value of rip, equation (2) must obviously be 
modified for this case and written 

B.H.P. =2 x 992 x 10-° x sn v p . (D x 2 + D a 2 -d 2 ), 

( 4 ) 

D x and D 2 being the respective piston 
diameters, and d that of the piston rod; all 
in inches. 

For a B.H.P. of 362, this equation gives 
nP=57 lbs. per sq. in. As in this case ij has 


§ (8) (c) Tun Tandem Horizontal Nurmm- 
bbrg Engine, (i.) Description .—Tho design 
selected as typifying a modem big four-stroke 
gas engine is that of the 2500 horse-power, 
two-eylindered, tandem, double-acting, hori¬ 
zontal, single-crank engine of the Mascliinon- 
Fabrik Augsburg Numberg A.G.—usually 
styled, for brevity, the Nuremberg Co.—-of 
which a longitudinal section is given in Pig, 
The two cylinders A, A' are placed in lino, with 
their pistons mounted on a common piston 
rod BB, to one end of which the connecting 
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rod C is attached; the whole power of the 
engine is transmitted by this connecting rod 
to the single crank D ; the crank-shaft carries 
a massive fly-wheel, by the momentum of 
which the necessary degree of uniformity 
of revolution is maintained. This engine is 
double-acting, that is, each cylinder is closed 
at both ends, and both sides of each piston 
receive power impulses. As a single-acting, 
single-cylindered, four-stroke engine receives 
one power impulse in every four strokes of its 
piston, it is clear that in this case as the 
power impulses are four times as frequent 
there is a power impulse at every stroke; 
the engine thus runs with very little variation 
in its revolution-speed. 

(ii.) Gaoling Arrangements .—British practico 
so far has generally favoured the single-acting 
uncooled piston, on the score of simplicity 
in details, and this practice has limited piston 
diameters to a maximum of about 2G inches. 
With a big double-acting engine, water- or 
oil-cooling of the pistons, and even also of 
the exhaust valves, becomes necessary. In 
this case the pistons only are water-cooled, the 
water being introduced through the hollow 
piston rod as shown in the illustration. 

The cylinders and cylinder covers are, of 
course, also water-jacketed ; the ample water- 
spaces provided will be noted in the section, 
and it will be seen that care has been taken 
to bring the water close up to the valve 
seatings ; it is found that a water pressure 
of about 15 lbs. per sq. in. above atmosphere 
suffices to maintain an efficient circulation 
through the jackets. For the piston rod and 
pistons, however, it is found necessary—on 
account of their reciprocating motion—to 
provide a water pressure of from 45 to 05 lbs. 
per sq. in. Water from the main is frequently 
available at this pressure, but when this is 
not the case a pump is provided, driven by 
the engine, which delivers the cooling water at 
the necessary pressure. 

The water-cooling system is well arranged 
throughout; each cylinder is fitted with an 
open water-tank into which all wator drain¬ 
pipes discharge in full view of tho attendant, 
and each discharge is provided with a thermo¬ 
meter and a regulating valve so that tho 
temperature of each part can bo adjusted 
independently as desired. To avoid tho 
necessity of shutting each outlet valve when 
the engine is stopped, a main stop valve is 
fitted in the supply pipe, and this valve is 
closed only when the engine is not running. 

(iii.) Lubrication .—The lubrication of tho 
external bearings is effected from a largo oil- 
tank situated above the engine from which 
the oil is conducted through pipes of ample 
diameter fitted with regulating valves, to the 
various points. Surplus oil is drained away 
and collects in a sump in the engine house, 


where it is automatically filtered and then 
returned to the supply tank by a pump driven 



by the engine. Rolling levers and eccentrics 
are grease-lubricated. 

For the forced lubrication of the cylinders, 
piston rod stuffing-boxes, and exhaust valve 
guides, special oil pumps are provided, and 
the supply to each point can be independently 
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regulated. The piston rod stuffing-boxes are 
packed with a series of rings of similar section 
each in three parts, made alternately of cast- 
iron and white metal; these are pressed against 
the surface of the rod by symmetrically 
disposed circumferential helical springs ; lubri¬ 
cating oil under pressure is delivered into the 
middle of each stuffing-box. Wear is found 
to be very small, and is confined to the 
packing rings, which are easily adjusted ox- 
renewed. 

In illustration of the efficiency of the 
cooling and oiling arrangements provided in 
these large engines, it may be stated that 
a Nuremberg engine of 2000 horse-power 
working with blast-furnace gas ran day and 
night for a period of nineteen months. The 
engine was actually running for 98-3 per cent 
of the possible working hours, and the 1-7 per¬ 
cent of stoppages were due to works repairs 


the piston rod in the stuffing-boxes ; this not 
only saves wear but also considerably reduces 
the internal friction of the engine. Clas- 
tightness of the pistons is ensured by six self¬ 
tightening packing rings. 

(v.) Governors .—The engine is governed on 
the “quantity” method, by which the com¬ 
position remains practically constant, while 
the mass admitted is proportioned to the 
power output required. Should the quality 
of the gaseous fuel vary, the ratio of gas to 
air can be adjusted by hand while the engine 
is running. 

Two ignition plugs are fitted in each 
cylinder, actuated by small electromagnets 
forming part of the plugs. 

(vi.) Performance. — Table IT. gives the 
results of tests on a 1200 brake horse-power 
Nuremberg engine using blast-furnace gas 
having a heat value per cubic foot of about 


Tablk II 

Test Results from a 1200 B.H.P. Tandem I).A. Nuremberg Engine 


Item. 

1 . 

2. 

3. 

4. 

5. 

6 . 

7 . 

Duration of test, minutes 

33-0 


MM 

26-8 

25-8 

25-8 

25-3 

Revolutions per minute . 


105-8 

Em 

106-5 

106-1 

105-8 

105-6 

Mean effective pressure, p, in lbs./ \ 
sq. in. (average of both cylinders) j 

304 

42-5 

60-0 

68-7 

714 

73-1 

75-3 

I.H.P. 

577 

807 

1146 

1312 

1359 

1383 

1427 

B.H.P. 

280 

557 

871-5 

1037 

1115 

1147 

1186 

I.H.P. - B.H.P. 

297 

250 

275 

275 

244 

230 

241 

Mechanical efficiency 

•485 

•690 

•762 

•790 

•821 

•830 

•831 

Value of Tjp in lbs./sq. in. 

14-7 

29’3 

45-7 

54-3 

58-6 

60-7 

62-6 

Cub. ft. gas per I.H.P. hour . 

101 

100-6 

91-5 

86-9 

87-2 

85-5 

84-6 

Cub. ft. gas per B.H.P. hour . 

208 

146 

120 

110 

106 

103 

1.01-8 

Heat value of gas, CJ.Th.U./oub. ft. 

49-2 

49-2 

49-7 

49-8 

504 

494 

48-8 

C.Th.U. per I.H.P. hour . . . 

4,969 

4950 

4548 

4328 

4395 

4224 

4128 

C.Th.U. per B.I-I.P. hour . . . 

10,245 

7174 

5969 

5489 

5353 

5090 

4968 

Indicated thermal efficiency . 

•285 

•286 

•311 

•326 

•322 

•335 

•343 

Brake thermal efficiency . 

•138 

•197 

•237 

•258 

•204 

•278 

•285 


and in no way to any defect of the engine. 
At the end of this long period of servico the 
engine was reported, as in excellent working 
order, and continued in operation. 

(iv.) Piston Pods .—An important detail of 
construction is that whereby the heavy water- 
filled pistons are prevented by their weight 
from causing “ ovalling ” or undue wear of the 
lower portions of the cylinders and stuffing- 
boxes. The long hollow thick-walled, tubes 
of which the piston rod is built up are turned 
with a slight upward camber so that the rod, 
when loaded with the pistons, and. supported 
by the three crossheads E, E, E, is exactly 
straight; arrangements are also provided in 
addition whereby each piston can be readily 
adjusted independently to the exact centre of 
its own cylinder. The whole weight of the 
pistons and rod is thus borne by the three 
external crosshead slides, and the pistons 
accordingly “ float ” in the cylinders as does 


50 O.Th.U. ; the pistons were 38-40 inches 
in diameter (piston rod about 8 f inches dia.), 
with a stroke of 43-3 inches. 

With reference to this Table it may be 
observed that the revolutions per minute, n, 
are directly counted, and that the value of 
the mean effective pressure, p, in lbs. per 
sq. in. is ascertained from indicator diagrams 
taken from both cylinders, the average value 
being tabulated. The indicated horse-power 
may next be calcxxlatod, equation ( 1 ) being 
modified to suit this type of engine by writing 

I.H.P. = 4 x 992 x 10 -°. snp(D 2 - d 2 ), (5) 

I> and d being the diameters in inches of the 
pistons and piston, rod respectively. 

The brake horse-power is directly measured, 
and thence the value of the mechanical 
efficiency 77 = B.H.P./I.H.P. is known. It 
will be observed that the frictional and fluid 
resistances of the engine itself absorb about 
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2 G0 horse-power when running at 106 revolu¬ 
tions per minute. The brake mean effective 
pressure, r/p, is now known and tabulated. 
The total consumption of gas per hour in 
cubic feet is directly measured, and dividing 
the figures obtained by the I.H.P. and B.H.P. 
gives the consumption in cubic feet per hour 
per I.H.P. and B.H.P. respectively. The heat 
value of the gas per cubic feet is determined 
by calorimetric tests, and thence the heat 
supplied in O.Tli.U. per hour per I.H.P. and 
per B.H.P. is immediately ascertainable. 

Finally, as one horse - power hour corre¬ 
sponds to 33,000 x 60/1400 = 1414 C.Th.U. per 
hour converted into mechanical work, the 
absolute thermal efficiency of the engine is 
determined by taking the ratio of 1414 to 
the heat supplied to the engine in C.Th.U. per 
horse-power per hour. 

Thus, at full load, this engine showed an 
absolute , brake thermal efficiency of -285 ; 
that is to say, 28-5 per cent of the whole boat 


Clerk two-stroke cycle engine, with improve¬ 
ments in detail suggested by experience, is still, 
particularly for large engines, that which most 
successfully satisfies everyday requirements. 

A section of the second Clerk two-stroke 
engine is shown in Fig. 4; an engine to this 
design was shown at the Paris Exhibition 
of 1881. It was of the horizontal, single- 
cylindered, single-acting type, and comprised 
a motor, or working, cylinder A containing 
exhaust ports E, E', near its outer end, and a 
displacer cylinder B ; within theso cylinders 
respectively work pistons C and .1), suitably 
connected to a common crank-shaft. The 
crank-pin driving the displacer piston D was 
about 90° in advance of that operated by the 
motor piston C. 

(ii.) Method of Working .—The order of 
operations is as follows: Near the end of the 
working (out)stroke the motor piston C over¬ 
runs the exhaust ports E, E', and the burnt 
gases immediately oscapo thenco into the 



supplied to the engine appeared as useful 
external work. In one hour the working 
volume swept through by the pistons is 
7 t/4 (D 2 - d 2 ) x 120a x 5/1728 cubic feet; and 
at full load the heat evolved in C.Th.U. per 
hour is 1427 x 4128, whence in this case the 
evolution of heat in C.Th.U. per cubic feet of 
working stroke swept out by the pistons has the 
value 22-6 (see the article, “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § (69)). 

§ (9) (d) Two-stroke Engines : the Early 
Clerk Engine.. (i.) Description ,—The low 
frequency of but one working stroke in four 
of the Otto cycle has always been regarded as 
a serious disadvantage, and very numerous 
attempts have for long been made to increase 
the impulse frequency without sacrificing the 
valuable practical advantages of simply and 
effectively charging, exploding, expanding, 
and exhausting—combined with high thermal 
efficiency—which are possessed by the four- 
stroke engine; no solution has even yet been 
found which fully satisfies the commercial 
conditions for both large and small enginos, 

The first explosion compression two-stroke 
or “ impulse every revolution” engine was 
hi vented and built by Clerk in 1878, and the 


atmosphere. Simultaneously the displacer 
piston I), being in advance of the motor 
piston, has passed the end of its out-stroke 
and has commenced to return; during its 
out-stroke it has drawn into the cylinder B 
an explosive mixture of gas and air through 
the sliding valve H and pipe W. The com¬ 
mencing return of the piston I) causes the 
mixture in B to become slightly compressed 
before the complete exhaust of A, but not 
sufficiently to cause any material resistance; 
in the delivery pipe connecting the two 
cylinders is an automatic inlet valve; as soon 
as the pressure from B slightly exceeds that 
in A, this valvo rises and the fresh mixture 
then enters the combustion chamber G. The 
return of the motor piston 0 then causes the 
automatic inlet valvo to close, and subsequently 
compresses the entrapped fresh charge into 
the chamber G; this is then fired at the 
instant of maximum compression, explosion 
occurs, and the working stroke follows. Thus 
every out-stroke of the piston 0 is a working 
stroke, and the impulses are therefore one per 
revolution of the crank-shaft, and are accord¬ 
ingly twice as frequent as in the “ Otto ” 
four-stroke cycle. 
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(iii.) Difficulties .—In the ideal two-stroke 
motor the operations of charging and exhaust¬ 
ing would be performed at least as effectively 
as in the four-stroke engine, and hence, the 
working impulses being twice as frequent, a 
two-stroke engine of given bore and stroke 
should develop at least twice as much power 
as the equal four-stroke, with the same thermal 
efficiency. In practice, however, there are 
certain fundamental difficulties of the two- 
stroke cycle which have so far prevented the 
realisation of this ideal. Thus, in the. Otto 
cycle the inlet valve usually opens slightly 
before the end of the in-stroke of the working 
piston and remains open not only throughout 
the whole suction out-stroke, but also for a 
short period after its completion ; the suction, 
or “ charging ” period accordingly continues 
during about 220° of the crank-shaft revolution. 
In the two-stroke engine, however, the fresh 
charge has to be introduced into the motor 
cylinder while the crank-shaft turns through 
only about 80°. Hence the duration of the 
charging operation in the Otto cycle is nearly 
three times as long as in the Clerk cycle. 
Though this disadvantage is reduced by 
providing specially large inlet valves and 
exhaust port areas, it remains still that the 
two-stroke engine is not in general capable of 
being charged so effectively as the four-stroke, 
and also that more power is absorbed in the 
charging operation. 

A second point is that in the Otto cycle the 
exhaust valve is open during about 240° of 
the crank-shaft revolution, and hence the burnt 
gases have considerable time in which to escape, 
and are moreover assisted in their exit by 
the return of the motor ■ piston during the 
whole exhaust stroke, so that there remains 
finally only the combustion chamber filled with 
residual exhaust at, or even slightly below, 
atmospheric pressure. In the Clerk cycle 
engine, on the other hand, exhaust has to ho 
accomplished during the very short interval 
occupied by the motor piston in passing over 
the last part of its out-stroke and first part of 
the subsequent in-stroke, so that not only in 
the combustion chamber but also in the work¬ 
ing cylinder there remains some hot exhaust 
gas. The effect of this is to reduce the quantity 
of fresh charge that can bo introduced into 
the motor cylinder, i.e, to diminish the 
“ volumetric efficiency ” of the engine, with 
consequent diminution in the output of power. 
Further, the commencement of the introduc¬ 
tion of the fresh charge while the exhaust 
ports are still uncovered causes a loss of 
unburnt mixture by “ short-circuiting ” direct 
through the exhaust ports into the atmosphere, 
and waste of fuel from this cause is frequently 
considerable in the very small petrol-type 
two - stroke motor. In large two - stroke 
engines, however, this cause of loss is almost 


completely avoided, (a) by providing a 
combustion chamber of somewhat elongated . 
conical form as shown at G (Fig. 4), and 
introducing the fresh charge at the apex of 
the cone, and (b) by sending first into the 
motor cylinder a preliminary charge of air 
only to help in the scavenging (and cooling) 
of the residual exhaust gases, and following 
this up by the introduction of a correspond¬ 
ingly rich mixture of gas and air; this 
practice, initiated by Clerk in 1881, is still 
followed in all large gas engines. The 
doubled frequency of working impulses in 
the two-stroke engine causes necessarily an 
increase in the mean heat-How from the 
cylinder per second, and henco in the de¬ 
sign of this type of engine spocial attention 
has to be given to the details, of the cooling 
arrangements. 

(iv.) Performance .—These early Clerk two- 
stroke engines were constructed in sizes of 
from 2 to 12 nominal horse-power, and the 
•following test results obtained in 1884 from a 
series of these engines are still of much 
interest; the fuel used was Glasgow coal gas, 
and the figures' given are from the usual trials 
which were carried out on all engines before 
leaving the manufacturers’ works, and thus 
fairly indicate the performance of the engines 
in ordinary service. 

The mixture delivered by the displacer 
contained 1 volume of coal gas to 8 volumes 
of air; on passing through the inlet and 
mixing with the residual exhaust gases in the 
motor cylinder it becomes further diluted. 
The increase of temperature acquired by 
contact with the exhaust and with the cylinder 
walls expands the entering fresh gas, a 
temperature of at least 100° G. being commonly 
attained before compression commences. The 
expansion of tho entering fresh gases thus 
caused expels more of the exhaust products 
through the ports than would correspond to 
the volume swept through by the motor 
piston between the closing of the exhaust 
ports and complete in - stroke. Through 
“ turbulence ” mixing occurs to a consider¬ 
able extent and the net result is the formation 
of a mixture explosive in every part of it, and 
of an average composition of 1 volume of coal 
gas to 9 volumes of other gases; thus the 
proportion of exhaust gases present is but 
small; that there is any at all arises from the 
necessity of preventing any appreciable loss 
of fresh mixture through the exhaust ports. 
The mixture employed was a comparatively 
rich one. 

(r.) Efficiency .—In these engines the value of 
the compression ratio, I/p, was -j, whence the 
“ Air Standard” efficiency is 1-(J) 0 ' 4 =0-36. 
Regarding this as the highest conceivable 
efficiency, the degrees of excellence of the 
engines given in the table are to be estimated 
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relatively to 0-3(5 and not to unity; thus we 
have 

Absolutenof.tIndicated\ 
thermal efficiency / ^ ■ lt, ° - 105 - 104 - 203 
Air standard .... -30 -30 '36 -38 .30 

Efficiency relative to air) .... .. 

standard J '■ j|2 - 4t ’ 2 400 * 4 ^ 

so that in the case of the engine of 12 nominal 
horse-power the relative nett indicated thermal 


Successfully utilised in the special design of 
large horizontal gas engine made by Messrs. 
Korting of Hanover, and the Do La Vcrgne 
Co. of New York; a typical section is shown 
in Fig. 5. The engine is of the single- 
oylindered double-acting type, and working 
on the two-stroke cycle, thus furnishes two 
impulses per revolution of the crank-shaft as 


Table HI 


Test Results of Clerk Two-stroke Engines in 1884 


No. 

Item. 


Nominal Power. 


2 H.P. 

4 H.P. 

(i H.P. 

8 II.P. 

12 H.P. 

1 

Diameter of motor piston, ins. 

5 

6 

7 

8 

9 

2 

Stroke of motor piston, ins. 

8 

10 

12 

16 

20 

.3 

Diameter of displacer piston, ins. 

(5 

7 

7! 

10 

10 

4 

Stroke of displacer piston, ins. 

9 

11 

12 

13 

20 

5 

Revolutions of engine per minute 

212 

190 

146 

142 

132 

•{ 

Mean effective pressure in lbs./sq. in. from motor \ 
cylinder diagram / 

43-2 

03-9 

53-2 

60-3 

64-8 

7 

I.H.P. from motor cylinder diagram 

3-02 

8-68 

9-05 

17-38 

27-4(5, 

8 

H.P. absorbed by displacer 

0-40 

0-80 

0*80 

1-50 

2-00 

9 

Nett I.Ii.P. of engino (item 7 - item 8) 

3,22 

7-88 

8-19 

15-88 

254(5 

10 

B.H.P. of engine 

2-70 

5-03 

7-23 

13-09 

23-21 

11 

Nett I.H.P. — B.H.P. 

0-52 

2-25 

O'9(5 

2-19 

2-25 

12 

B.H.P. 

Mechanical efficiency ri ——■ ■ 
nett, I.H.P. 

•84 

•72 

•88 

■86 

•91 

13 

Approximate calorific value of gas, C.Th.U./oub. ft. 

. 320 

320 

320 

320 

320 

14 

Gas consumption, cub. ft. per I.H.P. hour (item 7) 

29-28 

24-19 

24-23 

20-94 

20-39 

15 

Gas consumption per nett I.H.P. hour i cub. ft. 

33-0 

20-0 

26-8 

22-9 

22-1 

1(3 

Gas consumption per B.H.P. hour; cub. ft. 

39-4 

37-2 

30'2 

26-C 

24-1 

17 

Absolute thermal efficiency on nett I.H.P. 

•134 

■1(56 

•1(55 

•194 

•203 

18 

• Absolute brake thermal efficiency 

•112 

•1.19 

•146 

•166 

•184 

19 

Compression pressure, lbs./sq. in. (abs.) 

53 

70 

63 

64 

72 

20 

Maximum explosion pressure, lbs./sq. in. (abs.) 

170 

251 

210 

210 

253 


efficiency was GO per cent of the air standard. 
Actually, as explained in the previous article, 
the air standard—obtained on the assumption 
of constant specific heat — represents an 
impossibly high ideal, the maximum attain¬ 
able, with varying specific heat, having the 
lower value for 1/p — J- of only about 0-29; 


in an ordinary stoam engine. It comprises a 
closed, water-jacketed, cast-iron cylinder AA 
provided with a ring of exhaust ports BB at 
the middle of its length, and containing a very 



Era. 5. 


hence the comparison of performance is 
properly made between an actual thermal 
efficiency of -203 and an ideal thermal effi¬ 
ciency of -290 ; and thus the actual engine 
in this case realised no less than -203/-290, 
i.e. 70 per cent of the attainable ideal. 

§ (10) (e) The Routing Engine, (i.) De¬ 
scription .—The Clerk two-stroke cycle is very 

VOL. I 


long piston CC which overruns the ring of 
exhaust ports .in its reciprocations, opening 
these ports to the one end of the cylinder and 
the other alternately. The piston is attached 
to a piston rod which passes through a 
stuffing box in the cylinder cover and is 
connected to an. external crosshead as in 
ordinary steam-engine practice; thence the 


X 
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power is transmitted to the crank-shaft by 
a connecting rod as usual. The external 
crosshead not only keeps the “ gudgeon 
hearing or “ small end ” bearing of the 
connecting rod cool, but also relieves the 
piston of the lateral thrust due to connecting- 
rod obliquity, and thus much reduces cylinder 
and piston wear. Large gas engine cylinders 
adequately lubricated, and using gas free 
from dust, show but little wear, a 400 B.H.P. 
cylinder after one year’s working, for example, 
showing an average wear of only •013 of an 
inch. The cylinder is closed by deep cast-steel 
well water-jacketed covers EE, in which are 
housed the cages containing the mixture 
inlet valves DD, normally held up against 
their seats by helical springs, and opened 
during the necessary intervals by a simple 
arrangement of rods and levers operated by a 
single eccentric on the crank-shaft. 

In these large engines, instead of the single 
“ mixture pump ” or “ displacer ” of the Clerk 
engine, separate double-acting pumps are pro¬ 
vided, one of which supplies air only and the 
other gas only. The displacer crank is placed 
about 100° in advance of the main crank, 
as in the Clerk engine, and thus the air pump 
piston has travelled a short way on its dis¬ 
charge stroke when the inlet valve opens. 
The gas pump, however, is so arranged that 
gas is not delivered until somewhat later. Thus 
a considerable volume of air only flows into 
the cylinder at first, displacing and cooling 
the hot exhaust gases, so that when the fresh 
unbumt gas enters later it mingles with the 
relatively cool air in the cylinder, and thus 
risk of pre-ignition is minimised. It is very 
important in large gas engines to arrange 
that no explosive mixture shall be formed in 
chambers or passages ; in the Korting engine 
the gas meets and mixes with the air just 
above the inlet valve. In small gas engines 
the gas and air may be mixed in the pump or 
“ displacer,” a back-fire into the pump being 
of little importance; in a large engine, how¬ 
ever, in similar circumstances, the result of a 
back-fire might easily prove a serious matter. 

(ii.) Method of Working .—The charge having 
entered the cylinder—first air only and then 
mixed gas and air—the exhaust products 
having been thereby displaced, the working 
piston has closed the ring of exhaust ports by 
a crank movement of 40° to 45° from the 
dead centre. Compression then occurs, fol¬ 
lowed by ignition and subsequent expansion. 
The air pump valves are so arranged as to 
deliver a full charge of air at every stroke 
whether the engine be light or loaded, but the 
gas delivered by the gas pump varies in amount 
as determined by the governor. Ignition is 
electric, and occurs at two points at each end 
of the cylinder, and means are provided by 
which the time of ignition can be regulated 


by hand while tho engine is running ; poor 
gases, as e.g. blast furnace gas, require earlier 
ignition than producer gas, and this, in like 
manner, earlier than coal gas. Wlroro the gas 
is liable to variation in quality this adjustable 
ignition arrangement is very useful. Running 
at light loads, the mixture of gas and air 
admitted after the preliminary charge of air 
only being of practically constant composition, 
a readily ignitible charge always exists at tho 
ignition plugs, and thus regular firing is ensured 
at light loads. 

(iii.) Performance.- —Korting engines having 
an aggregate of fully a quarter of a million 
horse-power have been built, and they com¬ 
pete strongly against tho four-stroke type; 
they are built in sizes of from about 400 B.M.P. 
with a 22I inch cylinder and. 391 inches stroke, 
running at 110 revolutions per minute, to 
2000 horse-power from a single cylinder of 
43 inches diameter, the stroke being 155 inches, 
and speed up to 90 revolutions per minute. 

The following results were obtained on tost 
with a 000 B.H.P. Korting engine in 1904 
(•lunge): 

Power piston, 29'7 in. diameter—stroke, 55*1 in. 

Piston rod, 8-1 in. diameter — revolutions per 
minute, 80. 

Diameter of double-acting air pump, 314 in,— 
stroke, 42-5 in. 

Diameter of double-acting gas pump, 2745 in.— 
stroke, 42-5 in. 

Fuel: producer gas from anthracite. 

I.H.P. developed in working cylinder: 845. 

B.H.P. of engine; 073. 

Fluid resistance I.H.P. of pumps: 88. 

Batio of pump resistance to total I.H. P. : 0*104. 

Power—Piston speed: 735 ft. per minute. 

Mean eifeotivo pressure, p, on power piston: 
55-0 lbs./sq. in. 

Brake mean eifeotivo pressure, yp : 4441 lbs./sq. in. 

Anthraoito burned per B.M.P, hour: 0-8 lb. 

Estimating tho mechanical efficiently as the value 
of tho ratio B.H.P./Total I.H.P. gives iy ■((•H, which 
is rather low, and is due to the somewhat high 
pumping resistances which in this particular engine 
amounted to 10-4 per cent of the total LflP.; in 
later designs the pumping resistances have boon 
much reduced and tho mechanical efficiency corre¬ 
spondingly increased. For weight per B.H.P, of this 
typo of engine see Table I. (mipra). 

§ (11) ( f ) The Two-btroki OmwmrAtAOTBti 
Engine, (i.) Description. —-A second typo of 
successful large two-stroke gas engine working 
on a modified Clerk cycle is that of Dr. Ooohel- 
hauser, of which a diagrammatic section is 
shown in Fig. 6. The engine is of tho hori¬ 
zontal, single-oylindored, single-acting type, 
but the cylinder A A is open at both ends and 
contains two pistons B, B', working in opposite 
directions, .just before reaching the extreme 
“ out ” position piston R overruns the ring 
of exhaust ports 0, while piston B' next 
overruns first a ring of air inlet ports I), and 
very shortly afterwards a second ring of gas 
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ports E. The burnt exhaust gases immediately 
escape through the ports C and are assisted 
in their exit by the charge of fresh air under 
slight pressure which enters through- the 
ports D. This fresh air mingles with, and 
cools, the residual exhaust gases, thus minim¬ 
ising risk of pre-ignition and also avoiding 
appreciable loss of fresh fuel through the 
exhaust ports when the gas is subsequently 
admitted through the ports E. The mutual 
approach of the two pistons eclipses the ports 
and the entrapped mixture is next compressed 
between them ; at the end of the in (com¬ 
pression) stroke, the mixture is fired electric¬ 
ally as usual, and the expansion (working) 
stroke then follows. 

The double-acting pump H acts on one side 
as an air pump and on the other as a gas pump ; 
gas and air are separately pumped into the 
separate reservoirs K and L respectively, 
wherein they are stored at a pressure of 5 to 
6 lbs. per sq. in. above atmosphere. 

It will be seen that with this arrangement 


cylinder and driving it from a disc crank-pin 
on the end of the crank-shaft. The cylinder 
also has been much shortened by the ingenious 
device of fitting spring rings in each of its 
ends, which rings bear upon the piston sur¬ 
faces ; in this way the pistons can. bo arranged 
to protrude from the cylinder ends by a con¬ 
siderable amount at out-stroke, much as in 
the case of an ordinary plunger pump. To 
prevent “ canting ” of the pistons both are 
rigidly attached by short piston rods to sliding 
crossheads guided both vertically and hori¬ 
zontally. 

(ii.) Working .—The two large pistons alter¬ 
nately issuing from and receding into the 
working cylinder set up pulsations in the 
atmosphere of the engine-house, and those 
may cause troublesome rhythmic vibrations 
of windows, partitions, etc. ; this action is 
greatly reduced in cases where two engines 
are installed in the same engine-house with 
crank-shafts so arranged as to differ in phase 
by ISO 0 . 



no gas and air mixture exists anywhere but 
actually within tho working cylinder. To 
further diminish loss of unconsumed gas 
through the exhaust the maximum quantity 
of gas and air delivered into the cylinder is 
only about 0-7 of tho cylinder volume. Govern¬ 
ing is effected, as in the Iv bating engine, by 
reducing tho gas charge at light loads. 

The crank-shaft has three throws; to the 
middle tlmw piston B is linked by the usual 
nr)ptia rfEffig rod, while tho two side throws 
■'ore linked by side connecting rods M, M' 
to crossheads 0, O', which are coupled up by 
rods P, P' to the bridge-piece Q carried on the 
piston rod R of piston • IT; thus the crank¬ 
shaft is subjected to a practically simple 
torque, and the cylinder is not required—as 
in all other engine designs—to supply the 
reaction to the aotions on the working pistons ; 
as a consequence the engine frame and cylinder 
can be made lighter than usual. 

In the design illustrated the gas and air 
pump is shown driven directly by the piston 
rod R, but in later designs the engine dimen¬ 
sions are much reduced and weight diminished 
by placing the pump at the side of the working 


The two moving pistons cause tho rates of 
compression and expansion of the working 
gases to be twice as rapid as usual, which is 
thermodynamically advantageous. 

(iii.) Performance .—Tests by Professor Meyer 
in 1903 of a 500 h.p. Borsig - Oechelhauser 
engine furnished tho following results : 


Dim kxsiox.h of Enginm 

Diameter of cylinder . . . 2(h(l in, 

Stroke of front piston . . . 37*5 ,, 

Stroke of back piston . . . ,37 '3 „ 

Double-acting Air Pump 

Diameter of cylinder , . . 44-9 „ 

Stroke of piston .... 19-7 „ 

Diameter of front piston rod . . 345 „ 

Diametor of baok piston rod , . 2-78 „ 

Single-acting Qae Pump 

Diameter of cylinder . . . 23-2 „ 

Stroke of piston . . , . 19-7 „ 

Blower 

Diameter of cylinder . . . 05 „ 

Stroke of piston . . . .37-3 „ 

Diameter of piston rod . . « 5-9 „ 
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Number of Trial. 


VIII. IX. 


VI. VII. 


Duration of test, minutes 
Revolutions per minute, average 
Mean effective pressure p in lbs./sq. in. 

Total I.I-I.P. from working cylinder 

B.H.P. estimated from blowing cylinder 

Air pump, mean effective pressure, front, lbs./sq. in. 

Air pump, mean effective pressure, back, lbs./sq. in. 

H.P. absorbed by air pump 

Gas pump, mean effective pressure, lbs./sq. in. 

H.P. absorbed by gas pump 

Total H.P. absorbed by charging pumps 

Mechanical efficiency of blower 

H.P. absorbed in engine friction 

Calorific value of gas, C.Tk.U./cub. ft. (lower) 

Heat supplied, C.Tli.U. per total I.H.P. hour 

Heat supplied per B.H.P. hour 


The fuel used was coke oven gas having the 
average composition by volumo: 


Hydrogen 

. 44-7 

Carbon monoxide . 

. 11-0 

Marsh gas (OH,) . 

. 19-5 

Heavy hydrocarbons . 

. 2-0 

Nitrogen 

. 17-5 

Oxygen .... 

. . 0-3 

Carbon dioxide . 

. . 5-0 


100 


and the average consumption on theso tests was 
ID'S cubic feet por total I.H.P. hour. 

The absolute thermal efficiencies realised 
woi'o : 

Absolute indicated thermal) „ 0 „ „ cn oni „„„ 
efficiency |-386 -389 -391 -382 -384 

Absolute brake thermal) 0 l n orin no . 
efficiency j ""30 -^90 -288 -261 -258 

Ilio mechanical efficiency, taken as the value 
of the ratio B.H.P./Total I.H.P., varied from 
0 07 to 0-75, a somewhat low result; the joint 
pumping resistances ranged from about 9 per 
cent at full load to 13 per cent at the lowest test 
load—calculated relatively to the total I.H.P. 

The consumption of lubricating oil in the 
working cylinder was at the average rate of 
M9 lb. per hour. At full load 4-4 gallons 
of water were used per total I.H.P. hour; 
the cooling water temperature on entering 
was 22° C., and on leaving 42° C. ; hence 
44 x 20 = 880 C.Th.tJ. of heat were carried 
off by the cooling water per I.H.P. hour; 
so that, at full load, the heat expenditure 
account was roughly: 

Heat Expenditure, per Total I.H.P . Hour, O.Th.U. 

Per cent* 

Converted into mechanical work . 1414 39 

Carried off in cooling water . . 880 24 

Carried off in exhaust gases and 1 
goneral heat losses / 1343 37 


20 

103 

75-0 

821 

616-2 

5-09 

3-36 

68-3 

3-53 

7-7 

76 

•839 

117-3 

221-5 

3660 

4872 


19-95 
! 107 

73-8 
830 
626-6 
5-38 
3-58 
75-2 
3-50 
7-8 
83-1 
•842 
117-3 
218-5 
3637 
4870 


(iv.) Indicator Diagram.—In obtaining indi¬ 
cator diagrams from an engine it is usual to 
so connect up the recording drum that the 
angle turned through by it is always propor¬ 
tional to the distance travelled by the piston 
along its stroke. In the case of the Oechel- 
hauser engine a special procedure becomes 
necessary, as the two pistons do not move 
exactly alike. In the explosion position the 
middle throw of the crank-shaft—which is 
driven by the front piston—is at its inner 
dead centre while the two side throws—driven 
by the back piston—are at their outer dead 
centre. When the double working stroke 
commences, due to connecting-rod obliquity, 
the front piston travels more rapidly than the 
back piston, and this continues until nearly 
half stroke ; thereafter the front piston moves 
more slowly than the back. Thus Fig. 7 shows 
by the inner heavy line the diagram obtained 
from an engine with reference to the bach 
piston; when the hack piston has moved 
through OA the pressure upon it is given by AB. 
But at the same instant the front piston has 
described more of its stroke and has reached 
some point, as C ; drawing a vertical through C 
to meet a horizontal through B in B', it is 
evident that B' is a point on the diagram 
corresponding to. the front piston. In this 
way the front piston diagrams can be con¬ 
structed, as shown by the outer full lina** 
midway between is drawn in dotted liW*he 
“ corrected ” diagram from whiok-^io true 
mean effective pressure is deduced. In some 
cases the true M.E.P. is as much as 10 per cent 
greater than that deduced from the single 
diagram as given by the indicator. 

§ (12 ) Day’s Engine, (i.) Description .— 
The ingenious two-stroke cycle valveless engine 
invented by Day in 1891 may be briefly referred 
to here as it is largely used at the present day 
in very small sizes, as e.g. in the (petrol) 
engines of motor bicycles, launches, etc. The 
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engine is not of high volumetric efficiency and 
its fuel consumption is, in general, rather heavy, 


duo to the escape of a portion of each fresh 
charge through the exhaust. Its simplicity 



of action and relatively low manufacturing 
cost, however, are resulting in its increasing 
use in the smallest class of engine. 


A diagrammatic section of the usual 
“ three-port ” Day engine is shown in Fig. 8. 
The ascent of the piston causes a partial 
vacuum in the crank-chamber, and when near 
the top of its 
stroke its lower 
edge uncovers the 
port A, thus allow¬ 
ing an inrush of 
carburetted air. 
The subsequent 
descent of the 
piston first closes 
A and then com¬ 
presses the charge 
in the crank-chamber to 3 or 4 lbs. per 
sq. in. above atmospheric pressure. When 
near the bottom of its strobe, the upper edge 
of the piston first uncovers the exhaust 
port B, and then the inlet port O; the lip D 
on the piston deflects the entering stream up¬ 
wards so as to minimise loss of fresh charge 
by “ short-circuiting ” through the exhaust 
port. The piston next rises, cutting off the 
ports 0 and B, and compressing the 
fresh charge into the combustion head. 
At or near the top centre the mixture 
is fired and the working stroke follows. 
Leakage of charge from the crank- 
chamber is com¬ 
monly prevented 
by making the 
crank-shaft bear¬ 
ings very long, and 
grease is some¬ 
times used in these 
as lubricant. 

(ii.) Performance. 
—Experiments on an engine of this type by 
the late Professor W. Watson and Mr. Penning 
in 1910 showed that the proportion of each 
fresh charge which escaped unbumt through 
the exhaust port was considerable at low 
speeds, but diminished as the speed increased, 
as shown hereunder: 


At Revolutions 
per Minute. 

Per cent of 

Fresli Charge lost. 

600 

36 

1200 

20 

1500 

6 


The mean effective pressure was much 
higher at low than at high speeds, ranging 
from about 62§ lbs. per sq. in. at 600 r.p.m. 
to 44J lbs. per sq. in. at 1500 r.p.m. The 
volumetric efficiency was only about 40 per 
cent, and varied but little with speed, the 
greater loss of fresh charge through the exhaust 
port at low speeds approximately counter¬ 
balancing the larger volume of charge then 
entering the cylinder. 
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Owing to the relatively large proportion 
of burnt exhaust gases in the charge when 
fired, the “ mixture ” supplied to this type of 
engine needs carefully adjusting within some¬ 
what narrow limits in order to obtain regular 


or “ lamp oil ”), gas oils, intermediate oils, 
crude oils, residual oils, and even tar oils. 

The following table gives some figures 
obtained from tests of samples of the more 
usual oil fuels : 


Table IV 


Description of Tuel. 

Specific 

Gravity. 

Composition by Weight, 
per cent. 

Calorific. Value in 
C.Th.U./Lb. 
(Lower). 

C. 

It. 

O. 

Crude coal tar ....... 

1-05 

82-0 

7-6 

104 

8,550 

Italian refuse petroleum oil ... 

•947 




9,800 

A heavy Russian crude oil .... 

•938 

8(3-6 

12-3 

M 

,10,200 

A Russian petroleum refuse .... 

•928 

87-1 

11-7 

1-2 

10,130 

Texas fuel oil. 

•922 




.10,120 

Blast furnace oil. 

•920 

83-6 

10-6 

5-8 

8,420 

Astatld (Russian residual fuel oil) . 

•903 

84-9 

14-0 

1-1 

10,500 

An American heavy crude oil . 

•883 

84'9 

13-7 

14 

10,000 

■ Benzol (a by-product in coal-gas manufacture) 

•88 




9,600 

A light Russian crude oil.-j 

•884 

•875 

86-3 

13 4> 

0-1 

10,800 

10,000 

“ Russolene ” (a refined Russian petroleum) . 

•825 

86-0 

14-0 

0 

10,600 

Broxburn lighthouse oil (from shale) 

•810 

86 -0.1 

13-90 

0*00 

10,300 

“ Royal Daylight ” (a refined “ lamp oil ”) . 

•797 

85-7 

14-2 

04 

11,090 

An American “ Kerosene ” (lamp oil) . 

•796 

85-13 

14-21 

0-66 

10,140 

A heavy petrol. 

•760 




10,300 

A light petrol. 

•719 

85-2 

14.-8 

0 

.10,250 


ignition; otherwise ignition only occurs at 
every alternate out-stroke, and the engine is 
said to “ four-stroke ” in ordinary parlance, 
the intermediate stroke having only a “ scav¬ 
enging ” action. When alternate firing takes 
place much higher explosion pressures are 
attained, due to the richer mixture then present. 
The power output of these small engines, due 
largely to their low volumetric efficiency, is 
usually only from about 10 per cent to 30 per 
cent greater than that of a well-designed four- 
stroke cycle engine of the same bore, stroke, 
and speed. 

It may be noted that these engines will run 
equally -well in whichever direction they may 
be started, and this feature is of value when 
they are used for the propulsion of motor 
launches, and in other cases where ready 
reversibility is required. 

§ (13) Heavy Oil Engines. Details of 
Fuels. —With the volatile liquids or “ oils ” 
of specific gravity less than about 0-76, and 
flash-point usually lower than the ordinary 
atmospheric temperature of 15° 0., as naphtha, 
petrol, benzol, etc., the formation of an ex¬ 
plosive mixture with air is a simple matter, 
and thu earlier engines accordingly used such 
“ light oils ” as they were termed. The problem 
of readily forming an explosive mixture of 
uniform composition of the heavier petroleum 
oils with air proved much more difficult, though 
it has now been fully solved, very many types 
of heavy oil ” engine being in everyday 
service using as fuel “ kerosene ” (“ paraffin ” 


Figures for petrol are given to onablo a com¬ 
parison to be made with the heavier oils; 
it will be observed that for the heavy American 
and Russian petroleum oils the average (lower) 
calorific value in C.Th.U. per lb. varies but 
little from a mean of 10,300. 

§ (14) (g) The Hornsby - Akkoyd Oil 
Engine, (i.) Description. —•Numerous devices 
are employed in heavy^oil engines to vaporise 
the charge of oil forming the explosive mixture 
with air. The type here selected for descrip¬ 
tion and illustration is that in which a com¬ 
bined vaporiser and explosion chamber is 
formed as a prolongation of the cylinder com¬ 
bustion chamber; of this typo the best-known 
example is the Hornsby-Akroyd engine, of 
which a longitudinal section is shown in 
Fig. 9. 

The engine is of the usual horizontal, single- 
acting, single- (or double-) oylinderod, four- 
stroke typo, but is provided at the combustion 
chamber end with a partly or wholly uncooled 
smaller vessel A, termed the “ vaporiser ” or 
“ liot-bulb,” which is constantly in free com¬ 
munication with the cylinder through a rela¬ 
tively narrow neck or “ choke ” B; the 
cylinder is also provided with an air inlet and 
an exhaust valve of the usual type, both 
cam-operated, which are not shown in the 
figure. 

The oil tank is formed in the engine bed¬ 
plate; a centrifugal governor regulates the 
engine speed by opening a by-pass when the 
speed increases, thus permitting a portion of 
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the oil delivered hy the oil pump to pass hack 
into the oil tank. 

(ii.) Method of Working .—To start the engine 
the unjacketed portion of the vaporiser is first 
heated hy a blow-pump for about 10 minutes ; 
the fly-wheel is next turned by hand and the 
piston performs its suction stroke, drawing, 
through the inlot valve, a charge of air only 
into the cylinder. This air enters the cylinder 
direct, without passing through the vaporiser. 
Simultaneously a charge of oil is sprayed into 
the “ hot-bulb 11 hy the oil pump shown, and 
this at once vaporises. On the return stroke 
of tho piston the air is compressed, and a 
portion passes through the neck B and mixes 
with the vaporised oil. The mixture i3 at 


with resulting deposition of carbon, which in 
time chokes up the vaporiser. The tempera¬ 
ture is regulated by admitting more or less 
water to the jacket C which surrounds the 
neck and part of the vaporiser itself. In 
many hot-bulb engines, however, pre-ignition 
at heavy loads is avoided hy allowing a few 
drops of water to enter the chamber during 
the later stages of compression. On the 
other hand, the vaporiser may become too 
cool when the engine is run at light load, 
and in this case the lamp must be used. 

(iii.) Performance .—A test of a 25 horse¬ 
power Hornsby-Akroyd oil engine made by 
Professor Robinson in 1898 gave results as 
follow : Piston diameter, 14-5 in. ; stroke, 17 
in.; fuel, “ Russolene.” At full load the engine 
ran at 202-6 revs, per minute and gave 26-74 
B.H.P., with a mechanical efficiency 
of about -845. The compression press- 

\ ure was only 75 lbs./sq. in. (abs.) ; 
explosion pressure, 183 lbs./sq. in. 


\ 9 

\ a 




first too rich to ignite, hut the engine is so 
adjusted that just as compression is com¬ 
pleted tho correct explosive mixture is reached 
in tho hol-Lmll); tho heat of tho walls then 
cauNpt--tf£ploMion and the piston moves out- 
and performs its working stroke; this 
is followed by the exhaust in-stroke, and 
tho oyolo then recurs. The whole device is 
eminently simple and lias proved very success¬ 
ful, and a great number, of internal combustion 
engines, both of four-stroke and two-stroke 
type, aro now made on the “ hot-bulb prin¬ 
ciple.” 

After running for a few minutes it is found 
that the blow-lamp may bo removed, the hot- 
hulb temperature being thereafter sustained 
by the heat communicated to it from the 
successive explosions; the ignition then be¬ 
comes completely automatic. If the ^ vapor¬ 
iser bo allowed to become too hot pre-ignition 
occurs, and the oil may also be “ cracked,” 


(abs.); and mean effective pressure about 
44 lbs./sq. in. 

The oil per B.I-I.P. hour w r as 0-74 lb., cor¬ 
responding to an absolute brake thermal 
efficiency of -185. The best compression 
pressure for use with any given oil is found 
by experience ; thus “ Russolene ” was found 
to permit a higher compression, and to give 
15 per cent to 20 per cent more power than 
“ Royal .Daylight.” Compression may he 
varied by fitting difierent-sized vaporisers, 
and in engines of over about 50 B.H.P. by 
fitting distance-pieces to the crank-pin end 
of the connecting rod in addition. These 
engines run best on kerosenes, and particularly 
with the standardised Russian oil of -825 
sp. gr. and 30° C. flash-point hy Abel close 
test; they have, however, also been run on 
crude, gas, and residual oils. 

Later tests have furnished still better 
results; thus in 1908 Professor Robinson 
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obtained from a 32 Hornsby-Akroyd 

engine using Russolene (cal. value in this case 
10,250 C.Th.U. per lb.) a consumption of only 
0-613 lb. per B.H.P. hour, corresponding to 
an absolute brake thermal efficiency of -226. 
Single-cylindered engines are constructed up 


constant pressure, 
automatically from 


.feljl 



EXHAUST^ 

= g 

E 



Big. 10. 


and -with two cylinders to 


to 185 B.H.P., 

370 B.H.P. 

§ (15) ( h ) The “Constant-pressure” Cycle 
Diesel Engine, (i.) Description . —The lead¬ 
ing characteristics of the Diesel engine are: 

(1) the compression of air only up to the 
maximum pressure attained in the cylinder 
usuahyfrom 450 to 500 lbs. per sq. in. 2 

(2) the regulated admission of the fuel, usually 
a heavy mineral oil-blown into the e6m- 


bustion chamber by a blast of very hiuh 
pressure air — in a state of extremely lino 
spray, during the first part of tho working 
stroke, so that it burns at approximately 
the ignition occurring 
tho high tempera!,un¬ 
developed in tho adia- 
baticai ly cm t ip ressod 

air. Tho cycle has boon 
oonsidorod from, tlm 
thermodynamic stand¬ 
point in tho article on 
“ Engines, Thermo¬ 
dynamics of Internal 
Combustion," 

A section through a 
usual typo of four-stroke 

Diesel engine is shown 
in Fig. 10. It. will ho 
scon that tho engine is 
of the inverted vertical, 
single-acting ty po, com¬ 
prising a long and heavy 
piston A working within 
a wall water-jacketed 
cylinder B, and driving 
tho crank - shaft (j . 
through tho usual typo 
of connecting rod " D. 
In tho deep wator- 
ooolod, detachable 
cylinder head K arc 
situated tho air inlet 
and exhaust valves (not 
shown in tho diagram), 
which are of i ho usual 
'“Poppot” or “mush¬ 
room ” type, normally 
held up to their seats 
by springs and opened 
inwards by earns on an 
overhead shaft 11 
through tho agency of 
roller-ended rooking 
lovers as indicated. 
Tho shaft It is of 
course driven at half 
tho speed of tho crank¬ 
shaft, The fuel ignition 
valve K is also located 
in the cylinder head, 
and in recent designs is 
. . ... „ generally placed in the 

centre; it is a fundamental difficulty in all 
internal comb nation engines wherein tho fuel is 
sprayed into the combustion chamber at or near 
ie m , stant of maximum compression to secure 
a uniform mixture giving rapid and complete 

dclhmff 0 -!’ iT 1 BC , >mo of tho oilier Diesel 
des lg n S failed largely from this cause alone. 

v placing the fuel injection, valve in tho 

and^ff Md 80 forming its orifice— 

and often the upper surface of tho piston 
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crown also—as to assist in the instant forma¬ 
tion and uniform dispersion of the cloud of 
spray throughout the combustion chamber 
space, this difficulty is overcome. 

(ii.) Method of Working .—The engine is 
started as follows : By means of a hand lever 
the crank-shaft is racked round until the 
crank-pin is just over the top centre ; next a 
starting lever is operated by which a starting- 
cam is brought into working position. The 
fuel blast reservoir valve and starting reser¬ 
voir valve being next opened, air from the 
latter at a pressure of 700 to 900 lbs. per sq. in. 
enters the cylinder through a small starting 
valve situated in the cover, and the engine 
immediately moves off. After a few revolu¬ 
tions under the compressed air from the 
reservoir the starting lever is moved back, 
and the engine at once takes up its normal 
working cycle and continues to run. The full 
revolution rate is attained at once, but the 
normal power output is not reached until 
the cylinder is well warmed up. 

In the case of a new engine the air reservoir 
for starting is sent out fully charged; there¬ 
after its pressure is maintained by a small 
pump driven by the engine itself. 

The charge of fuel is also blown into the 
cylinder through the fuel injection valve by 
a blast of air from this reservoir. 

The fuel injection valve comprises a needle 
valve held clown on its seat by a spring and 
lifted by a cam-operated lever. A fuel 
force-pump delivers the charge of oil fuel into 
a narrow annular space surrounding the 
needle which is also in constant communication 
with the air-blast reservoir during the running 
of the engine. Hence immediately the needle 
valve is raised the charge of oil is blown 
with great velocity into the combustion 
chamber through an expanding nozzle, in the 
form of a uniformly diffused cloud of mist 
which instantly inflames in the adiabatieally 
compressed air where temperature is at this 
instant from 500-550° 0. The fuel is caused 
to onter^the" combustion chamber just before 
tbja^jOtnpletion of the compression stroke, and 
-ttftfull load the injection is continued during 
the first 20° to 30° of crank-shaft revolution, 
the mixture burning at approximately constant 
pressure during admission. Engine speed is 
controlled by a governor actuating a by-pass 
valve in the fuel pump supply whereby a 
variable proportion of the pumped oil is 
returned into the suction pipe as the engine 
load is varied. 

The fuel injection needle valve must be 
regularly cleaned at intervals of about a 
fortnight; a sticky needle valve may cause 
pre-ignition through leakage of fuel oil during 
the compression stroke; such a defective 
valve, moreover, allows the very high pressure 
blast air to enter the cylinder in abnormal 


quantities, and this also may cause rupture 
of the cylinder through excessive pressure 
caused by its subsequent further compression 
by the rising piston. Provision is sometimes 
made against excessive pressure by fitting 
relief valves in the cylinder head. 

Tlio high - compression and air - blast pressures 
employed necessitate workmanship of the highest 
quality in the construction of the Diesel engine, and 
the necessity of providing against occasional abnor¬ 
mal pressures in the cylinder renders this type of 
engine somewhat heavy in relation to power output. 
The high compression also necessitates the fitting of 
very heavy fly-wheels in few-oylindered four-stroke 
engines in order to attain the requisite uniformity in 
rotation of the crank-shaft. For land Diesel engines 
up to 200 B.H.P. the weights per B.H.P. (including 
fly-wheels) are, roundly, as follows (compare Table I.): 

For single- oylindered engines . 000 lbs. 

For two-cylindercd engines . 520 „ 

For three-oylindered engines . 350 „ 

For three - oylindered engines \ r 
(without fly-wheels) j ’ ” 

(iii.) Fuels. —Experiments have been con¬ 
ducted with a great variety of fuels, including 
petrol, kerosene (lamp oil), gas oil, crude 
Russian, American, arid German mineral oils, 
Astatki, shale oils, coal-tar oils, lignite oils, 
palm and nut oils, castor oil, fish oil, alcohol, 
coal gas, producer gas, and coal dust. The 
greatest success has been attained with the 
kerosenes and heavier petroleum oils, and it is 
on these, and particularly on the heavy 
dark-brown crude Texan fuel oil of sp. gr. 
about -925, flash point about 85“ 0., and 
(lower) calorific value about 10,100 C.Th.U. 
per lb.—as largely used for firing steam 
boilers—that most Diesel engines in Groat 
Britain are run. .’Dr. Allnor, in a paper read 
before the Gorman Gas Association in 1011, 
stated that the tar produced in largo quantities 
in the coal-gas and coke oven industries can bo 
used successfully as a fuel for Diesel engines, 
provided a small quantity of a readily ignitablc 
“ pilot ” fuel, as Texas oil, be injected either 
just before, or simultaneously with, the 
admission of the tar to the combustion 
chamber; the combustion of the pilot fuel 
starts that of the heavier fuel. Using gas 
oil as the pilot fuel, Dr. Allnor affirms that 
crude tar may- be used in Diesel engines. 
In general, however, it is held to bo a 
desideratum that tho fuel employed should 
bo free from tar, sulphur, and acid impurities. 
Coal dust, injected with a proportion of “ lean 
gas,” has been used —under experimental 
conditions only-—as a fuel, and furnished 
indicator diagrams of normal type; but the 
difficulties of utilising any solid substance as 
a fuel under ordinary conditions of working 
have yet to be overcome. 

(iv.) Performance.' —The economy of fuel 
with the four-stroke Diesel engine is very 
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marked; a trial of a two-cylindered, 160 horse¬ 
power, four-stroke Diesel engine by Mr. Ade 
Clarke in 1903 furnished the following results : 
Piston diameter, 15-75 in.—stroke, 23-0 in. 

Fuel—Texas oil, 0-922 sp. gr.; calorific value, 
10,720 C.Th.U. per lb. (higher value). 

The outlet temperature of the cooling water, at full 


opening of the exhaust ports ; the .scavenging 
is not quite so good, but. the engine is of 
greater simplicity in construction. As in all 
Diesel engines the fuel is not admitted until 
nearly the end of compression, any short- 
circuiting of air through the exhaust ports 
during its admission is immaterial. In 1911 


Table 


Test Results or Two-cylinder, Four-stroke, 100 H.P. Diesel Engine 


No. 

Item. 



At Load. 



0 . 

I. 

;!• 

1 . 

Full. 

1 

Duration of trial, minutes 

30 

60 

61. 

60 

60 

2 

Average revolutions per minute 

159 

158 

158 

157 

154-5 

3 

Average mean effective pressure, p, in Ibs./sq. in. 

43-0 

42-1 

564! 

094 

1144) 

4 

Total I.H.P. 

39-6 

74-9 

loom 

126-8 

20:1 "1 

5 

H.P. absorbed by air compression pump 

2-98 

2-97 

34) 

.‘{•25 

3410 

6 

Net I. H.P. 

36-62 

71-93 

074) 

12341 

201 A 

7 

Estimated B.H.P.* 

0 

3545 

004 

87-2 

164-8 

8 

Mechanical efficiency, y per cent f 

0 

47-2 

60'4 

68'8 

80'7 

9 

Oil per (total) I.H.P. hour, lbs. 

•384 

•342 

•299 

•321 

•328 

10 

Oil per B.H.P. hour, lbs. 


•725 

•496 

•467 

•406 

11 

Rise of temperature of cooling water in ° C. 

57 

56 

51 

43 

52-5 

12 

Temperature of exhaust gases Q C. 


158 

197 

240 

384 

13 

Total indicated absolute thermal efficiency 

■344 

•386 

•441 

•412 

•403 

14 

Absolute brake thermal efficiency 


•183 

•266 

•283 

•326 


* The 11.1I.P. was taken as total I,H.P. - 39-0. 
t The mechanical efficiency was taken as B.H.P./total I.H.P. 


load, was 67° 0. In the “ No load ” trial only ono ( 
cylinder was producing power, the other pumping idly.' 

In May 1909 Mr. A. J. Pfeiffer stated before the 
Inst, of Electrical Engineers that there was then in 
service a four-cylindered, inverted-vertical, single- 
acting four-stroke Diesel engine giving 800 B.II.P, 
at 150 revs, per minute, and that this was about 
‘the iargest that will run satisfactorily without water- 
or oil-cooling the pistons and exhaust valves. 

§ (16) (i) Two -stroke Diesel Engines. 
(i.) Description .—Marine Diesel engines are 
usually of the two-stroke type, single-acting, 
which possess advantages over the four-stroke 
of reduced weight and space, lower production 
cost, arid greater simplicity in reversing. There 
are two principal types of two-stroke, single- 
acting Diesel engines, in both of which the 
piston overruns a ring of exhaust ports when 
near the bottom of its stroke—as in the Clerk 
engine. In the one type—which is rather the 
more efficient—air inlet valves are provided in 
the cylinder head which are opened just after 
the exhaust ports are overrun, and effect a 
very complete scavenging action, leaving the 
cylinder filled with nearly pure air which is 
compressed by the piston during its return 
stroke as usual. In the other type, which has 
been developed largely by Messrs Sulzer Bros., 
of Winterthur, the air inlet valves are 
dispensed with, and inlet ports provided in 
the lower parts of the cylinder which are 
overrun by the piston shortly after the 


1 a four-cylinder, two-stroke, Inverted-vertical, 
Single-acting engine of 2400 B.H.P. of Sulzer 
type was installed in an electric generating 
station in Franco. 

(ii.) Difficulties .—One of the must serious 
troubles with Diesel engines arises from the 
loss of compression pressure due to the wear 
of piston and cylinder walls in the usual design, 
wherein the piston is directly cotmectod to 
the connecting rod. This wear is mainly 
oaused by the side thrust duo to the obliquity 
of the rod, and hence in large engines, and 
especially in marine service, the external 
crosshead is favoured, as with this the cylinder 
is relieved of all side pressure. Attention is 
being given to the production of satisfactory 
designs of donWe-aoting, two-strokes Diesel 
engines for marine service ; the chief difficulty 
to be overcome is that of providing adequate 
cooling arrangements, 

§ (17) The Huston “ Cold Starting ” 
Engine, (i.) Da>cripUm.—Mmm. Ruston, 
Proctor & Co. have recently produced a 
valuable design of Diesel typo in respect of 
the high compression of the air and automatic 
ignition of the fuel, but in which the costly, 
complicated, and sometimes troublesome un- 
compressor used in the Diesel engine in con¬ 
nection with the fuel injection is completely 
eliminated. 

A section through the cylinder of the 1915 
design of “ cold starting ” engine is gi ven 
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in Fig. II 1 ; the engine is of the horizontal, 
single - cylindored, single - acting, four - stroke 
type, and is built in sizes ranging from 20 to 
170 horse-power. 

On. the suction stroke the piston draws in 
air only through the valve A, subsequently 
compressing this into the small explosion 



lira. li. 

chamber 13 to a pressure of about 430 lbs. 
per sq. in., which is regarded as giving a 
sufficiently high temperature to ensure the 
ignition of any fuel oil, Just before compres¬ 
sion is completed the charge of oil is injected 
directly into the explosion chamber through 
an “ atomiser,” whereupon it immediately 
ignites, and the working stroke then follows ; 

Compression Pressure . 420lba/d 

Max’," Pressure of Explosion . 5601bs/a 

Imlioatod Moan Eff, Pressure . 88 lba/a" 

Brake Moan Eff. Press, (tip 1 .7 Olbs/a" 



o'° 


FIG. 11 A. 


a normal full-load indicator diagram is shown 
in Fig. 11 A. 

Very perfect “ atomisation ” of the fuel 
is essential to high engine efficiency; the 
Ruston atomiser comprises a spring-closed 

1 From Livens on Oil-engines, Proc. I. Mech. B., 
July 1920. 


needle valve and a number of small oil ducts 
converging to a central orifice. A small 
fuel force-pump operated by a quick-acting 
or “ steep ” cam compels the charge of oil 
delivered by it to lift the spring-closed needle 
valve ; the charge is by this means caused to 
enter the explosion chain Tier in the form of 
an exceedingly line spray or 
“ mist ” ; the lift of the needle 
valve is of the order of two- or 
three - hundredths of an i nch 
i only. 

(ii.) Method of Working.— 
By means of air stored at a 
pressure of 200-300 lbs. per 
sq. in. in a reservoir the engine 
is readily started, and after 
one or two revolutions picks 
up its working cycle; starting 
is thus effected from cold, and 
the engine may be run on any 
of tho usual grades of fuel oil. 
When tar oils are employed 
it is necessary to use about 
5 per cent of a more readily 
ignitable or “ pilot ” fuel to 
initiate combustion; this is 
introduced by a special atom¬ 
iser fitted with a small needle 
valve inside a tubular, main 
fuel needle valve, served by a 
pilot oil pump. The spring- 
loaded plunger of this pilot pump is operated 
by fluid pressure from the main fuel pump 
in such manner as 1 to absolutely ensure 
the injection into the cylinder of the pilot 
igniting charge immediately before that of 
the main charge. Test results show that, 
using a fuel of 0-92 sp. gr. and calorific value 
of about 10,000 O.Th.U. per lb. (lower value), 
the consumption per B.H.P. hour ranges 
from 0-48 lb. in the 20 horse-power engine, 
down to 0-40 lb. in tho 170 horse-power 
size. This corresponds to an absolute brake 
thermal efficiency of about 0*29. to 0-35, which 
compares favourably with ordinary Diesel 
practieo. 

§ (18) “Semi-Diisskl” Engines. —Tho 
great economy of fuel consumption of tho 
Diesel engine has caused many attempts to 
he made to produce designs in which, 
without much sacrifice of mean effective 
pressure and economy, production cost and 
weight are saved without having recourse 
to the high-compression pressure used in 
the Diesel engine, and further, by dispens¬ 
ing altogether with tho costly and compli¬ 
cated high-pressure air blast which has so 
often proved a source of trouble and even 
danger. 

As such designs have been evolved from 
a study of the performance .of Diesel engines 
they have come to be styled “ semi-Diesel,” 
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though, as they employ a hot-bulb to ensure cylindered designs up to 130 B.ll.I*. at 200 
ignition of the sprayed charge of oil, they revolutions per minute. As fuel, crude 

petroleum, the ordinary fuel oils, and even 
1 14 refuse ” oils iti’ti used. A trial 

engine in 11)10 showed a 
rude Russian oil of only 


WATER 

SPRAYING 

VALVE- 



FiG. 12. 

would be more justly described as “ Akrovd ” 
engines. J 

(i.) The 0.0. Engine.—A. good example of 
this class is the “ C.C.” engine of Messrs. 
Ruston Proctor & Co., of which a section 
through the combustion chamber end of the 
cylinder ls _ shown in Fig. 12; the engine is 
type 16 k° monta1 ’ sin § le ■ acting, four-stroke 

rlrJx? r0U i gh - th !,, inIet vaIve A > air alone is 
drawn during the suction stroke, and this is 

next compressed into the combustion chamber 

of d m! 0t ' bUb B ‘ Nearly at the instant 

of maximum compression the charge of 
oil fuel is injected into this hot-bulb S by a 

0 f rC the ee “ cnlW a * omiser as in the case 
5 / 17 ^ T ?° ld Startm y engine described in 
t it.' , e . nurture is automatically ignited 
by the hot-bulb as in the Hornsby-Akrovd 
engine, § (14), and after perioriing the 

IZoZh n TOke K the bUmt gases are disc ^ged 

through the exhaust valve E. The compres- 

ner\rr re is ° nly about 2 ^lbs. 

hUh as S’ lT d meaD effeCtive Pressures as 

M kd per Sq ' are attained at 
uil load These engines are built in sinUe- 

cyhndered type up to 80 B.H.P. running C a t 

190 revolutions per minute, and in two- j 


residual or 
of a 50 B.H.P. 
consumption of cri 

0-45 lb. per B.H.P. hour, corresponding to 
an absolute brake thermal eilieieney of 
•314. 

Starting is effected by com- 
pressed air; the time occupied 
in starting from cold, owing 
to the necessary heating of 
the hot-bulb by a blow-lamp, 
is 10 to 15 minutes. After a 
short period of running the 
blow-lamp is removed, and 
the hot-bull) temperature is 
then maintained by beat de¬ 
rived from the successive ex¬ 
plosions ; the ignition in then 
automatic, as in the Hornsby- 
Akroyd engine. To prevent 
pro-ignition u knock ” from 
occurring; a water drip is 
used at three - quarters full 
load and above; the water- 
spraying valve is indicated 
in IHg, 12. After prolonged 
running at light loads the 
bulb may become too cool, 
and recourse must then be 
made to the heating lamp in 
order to maintain its tem¬ 
perature. In this class of 
engine the combustion of the fuel is, in 
general, partly at constant volume and partly 
at constant pressure. 

n. o. 

o. a. n. 


Entropy. If m a reversible change a sub¬ 
stance receives or loses a quantity of heat 
H at an absolute temperature 0,' (ho sub¬ 
stance is said to gain or lose an amount of 
entropy given by QJt), See also “ Thermo¬ 
dynamics.” For Entropy of Fluids nee 


(33); Entropy of Ideal 


Has, § (57) 


Entropy of Mixtures, § (02); Entropy 
temperature Diagram, § (20); “ Engines, 

§§ WUIOU?™ ° f ,ntCmaI ^mburtinn," 

Entropy - temperatukh Diagram. A dia¬ 
gram m which the condition of a body 
» represented by the position of a nfi 
whose co-ordinates are temperature (ordi¬ 
nate) and entropy reckoned from some 

moU™“vT(2^ b ”“ 1 ‘ ) - "» “ T1 «- 

L ’S’“ Se U^! m “ h ani1 

• and 6. Refrigeration,” § (2), Fig,. 5 
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Equation of State, Definition and Use of. 
See “ Thermodynamics,” §§ (50), (57) ; 
“ Thermal Expansion,” §§ (21), Table, 

(22), (27). 

Equtpaetition of Energy, Law of. See 
“ Thermodynamics,” § (66). 

Ergometer. An instrument for measuring 
and recording accelerations and retardations. 
See “ Dynamometers,” § (5) (vi.). 
Ericsson’s Regenerative Engine. See 
“ Thermodynamics,” § (27). 

Escargot Fan Brake. A brake convenient 
for testing air - screws. See “ Dynamo¬ 
meters,” § (2) (viii.). 

Evacuation. See “ Air-pumps.” 

By Absorption. § (52). 

By Absorption in the Electric Discharge. 
§ (53). 

By Chemical Action. § (51). 

By Condensation. § (50). 

Miscellaneous Methods. § (49). 
Evaouators, Theory of. See “Air-pumps,” 
§ (!)• 

Evaporation under Constant Pressure. 

See “ Thermodynamics,” § (29). 

Expansion, Area and Volume, Coefficients 
of, deduced from the linear coefficient. See 
“ Thermal Expansion,” § (5). 

Expansion, Linear, Coefficient of : 

At very low temperatures, determined by 
experiment for various substances and 
tabulated x = (dZ/(ZT)L 

See “ Thermal Expansion,” § (7). 

For various substances, determined by ex¬ 
periment and tabulated. See “ Thermal 
Expansion,” § (7). 

Expansion, Linear, Mean Coefficient of : 
Between 0° and 1° 0., defined by the equation 
Z { =Z 0 (1+M), 


where the distance between two points 
in the body at 0° C. is l Q and at t° C. is l t , 
and X is the mean coefficient of linear 
expansion. See “ Thermal Expansion,” 
§ (!)• 

Fizeau’s Interference Method of measuring, 
depending upon the colours of thin plates. 
Soe ibid. § (3). 

Expansion of Fluids : theoretical considera¬ 
tions accounting for the departure of their 
behaviour from the laws of perfect gases. 
See “ Thermal Expansion,” § (19). 

Expansive Working in Steam Engines. 
Seo “ Steam Engine, Reciprocating,” § (2) 
(ix.). 

Extf.nsometers. Seo “ Elastic Constants, 
Determination of. ’ ’ 

Dial Instruments with Mechanical Magni¬ 
fication. § (49). 

Double Micrometer Screw Instruments. 
8 (45). 

Ewing’s Combined Microscope and Lever 
Extonsomotor. § (51). 

Indicating Dial Instruments. § (48). 
Instruments combining a Singlo Micrometer 
Screw with a Multiplying Lever. § (47). 
Martens’s Mirror Extensometer. § (63) (ii.). 
Methods of arranging and General Principles 
to be fulfilled. § (43). 

Methods of Calibration. § (58). 

Micrometer Screw Extensomoters. § (44). 
Microscopic Reading Instruments. § (50). 
Morrow’s Single Mirror Apparatus. § (53) 
(iv.). 

Multiplying Lover Instruments. § (52). 
Using Optical Magnification. § (53). 

External Pressure Commotion to a 
Thermometer. See “ Thermometry,” § (3) 
(iii.). 


F 


Factor of Safety. Soe “ Structures, 
Strength of,” § (1). 

Fahrenheit Scale of Temperature : a scale 
on which the numbers 32 and 212 correspond 
respectively to the freezing- and boiling- 
points of water. See “ Thermometry,” § (2). 
Falling Weight Test —called “ drop test ” 
in U.S.A. See “ Elastic Constants, Deter¬ 
mination of,” § (35). 

Fan Brakes. See Dynamometers,” § (2) 
(vii.). 

Fixed Points : 

Thermometric. Soe “ Thermodynamics,” 
§ (4); “ Temperature, Realisation of Ab¬ 
solute Scale of,” § (3); “ Thermometry,” 

8(3). 

Used as secondary standards of temperature 
and compared with a gas-thermometer 


in the rango - 273° to 0° 0. See “ Tem¬ 
perature, Realisation of Absolute Seale 
of,” § (31). 

Fixed Points, Interpolated : 

On secondary standards of temperature 
between 100° and 500° 0. See “ Tem¬ 
perature, Realisation of Absolute Scale 
of,” § (36) (iv.). 

Used as a secondary standard of temperature 
and compared with a gas-thermometer in 
the range above 500° 0. Seo ibid. § (42) 
(iii.). 

In range 100° to 500°, compared with gas- 
thermometer determinations and tabu¬ 
lated. Seo ibid. § (36), Table 10. 

In rango 500” to 1600°, compared with gas- 
thormomoter determinations and tabu¬ 
lated. Seo ibid. § (42), Table 13. 
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Fixed Temperatures : 

Used as a secondary standard of tem¬ 
perature and compared with gas-thermo- 
meters, See “ Temperature, Realisation 
of Absolute Scale of,” § (24). 

Used as secondary standards and compared 
with a gas-thermometer in the range 100° 
to 500°. 

1. Melting-point of zinc. 

2. Boiling - points of naphthalene, 

diphenyl, and benzophenone. 

3. Boiling-point of sulphur. 

See “ Temperature, Realisation of Absolute 
Scale of,” § (35). 

Combination of, with a thermal property, 
used for the realisation of gas-thermo¬ 
meter scales in the form of secondary 
standards. See ibid, § (26). 

Flash-point Apparatus. See “Flash-point 
.Determination.” 

The Abel. § (2). 

The Abel-Pensky. § (3). 

The Gray. § (5). 

The Pensky-Martens. § (5). 

FLASH-POINT DETERMINATION 

§ (I) Introduction.— The “flash-point” of a 
substance may he defined as that temperature 
at which it begins to evolve vapour in such 
quantity that, on the application of a flame, 
a momentary “flash” occurs, due to the 
ignition of the vapour. This temperature is 
not a definite physical property of the material, 
but varies with a number of subsidiary factors, 
such as the rate of heating, the amount of 
ventilation, the size of the applied flame, and 
so forth, and is thus dependent on the appar¬ 
atus used and the conditions under which the 
determination is made. 

Notwithstanding the empirical nature of 
this constant ” for an inflammable substance, 
it serves to classify such materials into varying 
degrees of danger with regard to fire risk, and 
from this point of view the determination of 
flash-point has been the subject of legislation 
and of official regulations. 

A short consideration of the phenomena 
occurring when a sample of oil is slowly heated 
will serve to distinguish flash-point, burning- 
point, and ignition-point. If the oil is placed 
in a small metal basin or crucible and slowly 
heated, vapour is evolved at a rate depending 
upon the nature of the oil and its temperature. 

If a small test flame be applied periodically 
just above the surface of the oil, no result will 
be apparent so long as the temperature is well 
below the value known as the “ flash-point ” 
of the oil, but as this is approached the test 
flame will enlarge when in the neighbourhood 
of the surface of the oil, and at a temperature 
a few degrees higher this enlargement becomes 
more apparent and a flame rapidly travels over 


| the surface of the oil and immediately dies 
away. This transient ignition of the vapour 
is termed the “ flash,” and the lowest tempera¬ 
ture at which it is manifest is known as the 
“ flash-point ” of the oil. If the heating of 
the oil and the periodic application of the test 
flame be continued flashing will also continue, 
and it will be noticed that the duration of the 
flash becomes longer as the temperature is 
raised, until a point is reached when the vapour 
burns continuously instead of merely flashing ; 
the lowest temperature at which this occurs 
is known as the “ burning-point ” of the oil. 
In general the heat generated by the com¬ 
bustion will rapidly raise the temperature and 
the combustion will become more violent, and 
will be maintained without the application of 
any external source of heating. 

If now the experiment is repeated without 
the application of a test flame, there will bo 
no apparent result until a temperature higher 
than the burning-point is reached, when the 
oil will spontaneously take fire and will con¬ 
tinue to bum. The lowest temperature at 
which this takes place is known as the “ ignition- 
point.” 

j The above phenomena are dependent on the 
accumulation of sufficient vapour in the atmo¬ 
sphere above the oil to form a combustible 
mixture, and this will be largely influenced by 
any circulation which is taking place in the 
surrounding air. If the air is in motion, even 
to a small extent, some of the vapour will bo 
carried away, and it will bo necessary to raise 
the oil to a higher temperature to secure the 
same concentration of vapour as would bo 
obtained in perfectly still air. In consequence 
it is not easy to obtain concordant values for the 
flash-point, burning-point, and ignition-point 
by the heating of the oil in an open cup as 
above described, and other types of apparatus 
have been designed to reduce the difficulty of 
making reasonably accurate determinations. 

In most forms of this apparatus tho oil cup 
is provided with a cover having suitablo 
apertures for the introduction of tho test 
flame and for vontilation' purposes. For dis¬ 
tinction the two types of test are usually 
referred to as the “ open test ” and the 
“ closed test ” respectively. 

The first apparatus of the “ closed test 15 
type was introduced by Sir Frederick Abel in 
1876, and was subsequently known as tho ■ 
Abel Flash-point Apparatus. A largo number f 
of tests were made to* connect the results ’ 
obtained by the use of this apparatus with 
those given by the open test then in use. It 
was found that the mean value of the difference 
between these results was 27° F. for an oil 
which flashed at 100° F. on the open test. 

Later, in 1880, a modification of this in¬ 
strument was made by Pensky, who applied 
a clockwork device to the oii cup cover to 
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perform the opening and closing of the shutter 
and introduction of the test flame. This 
apparatus is referred to as the Abol-Ponsky 
Flash-point Apparatus. The provision of this 
mechanism is probably advantageous from the 
point of view of ease of operation, but, as will 
be seen later, it does not tend to any increased 
accuracy of determination of the flash-point. 

The two apparatus above referred to were 
designed with special reference to the measure¬ 
ment of flash-points over the approximate 
range 60°-110° F. in connection with the 
legislation relating to the sale, storage, and 
transport of illuminating oils ; later, however, 
a demand arose for the determination of the 
flash-point of oils for lubricating and other 
purposes, leading to the evolution of such types 
of apparatus as the Gray and Pensky-Martens 
flash-point apparatus, which may be employed 
up to much higher temperatures. The 
essential difference between these and the 
earlier forms of apparatus intended for the 
lower range only is the provision of stirrers in 
the oil cups. 

§ (2) Abel Flash-point Apparatus.— The 
official specification for the Abel flash-point 
apparatus will be found in the schedule to the 
Petroleum Act of 1879 (42 & 43 Viet. c. 47); 
full details as to the construction and use of 
the apparatus are also to be found in the 
several text-books relating to oil and oil 
testing. 1 The principal dimensions are shown 
in Fig. 1. 

An investigation was carried out at the 
National Physical Laboratory to ascertain the 



differences existing between the Abel and other 
types of flash-point apparatus. 2 

An important consideration that arises in 
the determination of the flash-point is the 
limit of accuracy attainable. The legal 
specification directs that the test flame should 
be applied to the oil every 1° F., and conse¬ 
quently the accuracy of any single determina¬ 
tion is limited to 1° F. Departure from the 
specified conditions gives a different value for 
the resulting flash-point, as will be seen later. 


1 Petroleum and its Products, Sir Boverton Redwood, 
1906, ii. 550 ; Handbook of Petroleum , J. H. Thomson 
and Sir B.-Redwood, 1906, vi. 82. 

2 Collected Researches, N.P.L., 1912, via. 19. 


Difficulty, however, arises in the interpretation 
of a set of results for any one sample of oil, 
since even when the greatest care is taken 
individual readings may differ by 1° or 2° If. 
Furthermore, changes in the barometric press¬ 
ure produce variations in the resulting, flash¬ 
point, and Sir Frederick Abel investigated this 
matter and found that the flash-point was 
raised by l-0>° F. for an increase of 1 inch in 
the barometric reading. Hence it is usual to 
correct all flash-points to a standard baro¬ 
metric reading of 30 in. Corrections for errors 
of the thermometer, if any, must also be taken 
into account; the most satisfactory way, 
therefore, of dealing with a sot of observations 
is to obtain the mean result and apply tho 
necessary corrections for pressure and for the 
thermometer. Tho true flash-point is then 
taken as the next higher whole number of 
degrees, since the flash-point of a substance 
as defined in the official regulations cannot 
be other than a whole number of degrees. 

Before intercomparisons between the several 
types of flash-point apparatus could bo carried 
out it was found necessary to investigate tho 
conditions of use of tho Abel apparatus more 
fully than appeared to have boen done previ¬ 
ously. Among the points to which attention 
was given were: 

(a) Frequency of application of tho test 
flame. 

(b) Variations in the time of opening of tho 
slide. 

(o) Variations in tho temperature of tho 
water hath. 

(d) Variations in the depth of tho thermo¬ 
meter bulb below tho surface of the oil. 

(e) Size of tho test flame. 

Tho results of these experiments led to tho 
following conclusions : 

(a) Increasing tho frequency of application 
of tho test flame raises tho flash-point; for 
example, if tho test flame is applied every 
l degree the resulting flash-points are a degree 
higher, while if applied every $• degree the 
flash-point is raised by over 3 degrees; con¬ 
versely, a lower flash-point is obtained if tho 
test flame is applied at intervals greater 
than 1° F. 

(b) Contrary to tho general opinion, the 
effect of increasing or decreasing tho time for 
which tho slide is open does not affect the 
results oxoopt for extreme changes. Thus tho 
provision of an automatic mechanism to secure 
constancy in this condition is not essential. 
It is interesting to note in this connection that 
a number of the Abel-Pensky automatic covers 
were investigated and it was found that their 
times of opening differed to a considerable 
extent. This might well bo expected, as it is 
improbable that the strength' of tho spring 
would remain constant under tho conditions 
of use. 
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(c) A change in the temperature of the 
crater hath produces a corresponding change 
in the flash-point, the general effect being that 
the flash-point is lowered by 1° F. for each 
13° F. rise in the temperature of the water 
bath above the normal temperature 130° F. 

(d) and (e). The depth of immersion of the 
thermometer bulb below the surface of the 
oil and the size of the test flame were seen 
to play very important parts in flash-point 
determinations, and the question will be 
considered later. 

§ (3) The Abel-Pensky Apparatus. —The 
apparatus adopted in 1880 by the German 
Government as the official standard design of 
instrument for flash-point determinations was 
based upon the Abel apparatus, but modifica¬ 
tions were introduced by Pensky, who sub¬ 
stituted an automatic device for opening and 
closing the ventilation holes and applying the 
test flame in place of the simple slide in the 
English Abel apparatus. In addition, the 
dimensions were slightly altered and were 
expressed in metric units instead of inches, as 
in the Petroleum Act of 1879. Fig. 2 indicates 



the important dimensions of the Abel-Pensky 
apparatus in accordance with the German 
schedule. Very complete details are published 
in the official specification 1 and will not be 
further dealt with here. 

The Abel-Pensky apparatus was also 
adopted by the British Colonies and India 
under the Indian Petroleum Act of 1889, 
the German type of apparatus being used 
although the dimensions of the Abel apparatus 
were retained. Two modifications have been 
made to the Colonial type of apparatus for 
special purposes; these provide for a small 
additional thermometer and a stirrer in the 
oil cup for use when obtaining the flash-point 
of inflammable substances such as rubber 
solution, metal polishes, etc., which may 
fall within the scope of petroleum legisla¬ 
tion. In both these types of apparatus the 
effects of variations in the methods of pro- 

1 Die Torschriften betreffend den Abel’scben Pelro- 
lenmprober und seine Anwendung, published 1883 by 
Carl Hermann, Berlin. 


cedure are the same as are described for the. 
Abel apparatus. 

§ (4) The General Theory or Flash¬ 
point Determination. —The general theory 
of flash-point determination depends on the 
hypothesis that flashing takes place when the 
space above the oil contains a definite per¬ 
centage of oil vapour mixed with air. This 
condition will be reached for a definite tem¬ 
perature of the oil surface from which evapora¬ 
tion is taking place, and it is generally assumed 
that it is this temperature which is given by 
the thermometer and is the temperature taken 
as the flash-point. The rate of evaporation, 
how r ever, depends upon the temperature of 
the surface of the oil, and investigation showed 
that this temperature differed appreciably 
from the thermometer reading throughout the 
course of a determination. Furthermore, the 
temperature at different points throughout 
the oil varied by several degrees at any 
one moment. The temperature distribution 
depended in part on the form and dimensions 
of the apparatus and on the relative amounts 
of heat reaching the oil from different sources. 
The method of investigation employed was 
to ascertain these temperature differences by 
means of differential thermocouples of very fine 
wire introduced in such a way as to avoid 
interference with the usual conditions of test. 
The main source of heat through which the 
rise of temperature of the oil is derived is of 
course the water bath surrounding the oil cups 
through the intermediary of the air space ; but 
it was found that the temperature at the sur¬ 
face of the oil and that of the vapour wore 
materially influenced by the heating derived 
from the test flame itself. The importance of 
the size of the test flame is therefore obvious, 
and as the result of a special series of experi¬ 
ments it was found that an increase of 2° F. 
in the flash-point was obtained when the size, 
of the oil-burning test flame in an Abel 
apparatus was decreased to about half the 
normal diameter. Similar results were found 
for the gas test flames also in general use. T1 to 

explanation of this difference is that with the 
smaller test flame the oil surface does not 
receive eo much heat indirectly,, and conse¬ 
quently the temperature of the bulk of the 
oil has to he raised to produce the samo sur¬ 
face temperature; thus the flash-point in 
apparently higher. For exact work it may 
be remarked that the ivory bead on the cover 
of the apparatus is inadequate as a gauge fox* 
the adjustment of the size of the test flame. 
It is therefore preferable to employ a gas jet 
to which the supply of gas is controlled by a 
gas meter. In the experimental work to which 
reference is being made the gas rate adopted 
was 0-10 cub. ft. per hour. 

Investigation of the three types of apparatus, 
namely, the Abel, and the Colonial and tin* 
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r P©ss 0 f Abel - Penalty apparatus, 
I the temperature distribution in 
’ that for any definite reading 

; 1X10 Ureter the temperature of the 
,tv ° oil was different in each of the 
rat Us, It was further found that 
of the surface of the oil at 
k Av Iien flashing took place was the 
di of the three apparatus although 
ouet 0l . readings differed ; the dif- 
iXa li-p 0 int recorded in the three 
'PPou'atus is therefore completely 
_ the consideration of the tem- 
itrilmtion in the oil cups, 
ei'aj. results of the investigation 
k Hie Colonial type of Abel-Penally 
;<x vo a flash-point 1° F. higher than 
form of Abel apparatus, while 
1 fype of Abel-Pensky gave results 
4° F. higher ; further, these 
i ar e sensibly constant over the 
-00° Incidentally there is a 
clillercnce amounting to about 
viiigr the mean values for a large 
>sorvations) between apparatus of 
’Po but fitted with oil and gas test 
eohlvely. As might be expected 
ovious remarks, the gas test flame 
-vor" flash-point, the flame supplying 
bo the surface of the oil, when 
blie specified size. 

£>lib is thrown upon the mechanism 
ab determination by the results of 
tests carried out at the National 
do oratory at a later date. 1 The 
sbion were carried out on a number 
s, using the Gray and Pensky- 
pixi'ntus, and also a modified form 
is on a much larger scale, which 
about 50 gallons of oil instead of 
uvrxtity, The latter apparatus was 
tlx a view to ascertaining whether 
ixflifcy of oil would flash at a tem- 
xpzvieiably lower than the value 
tlxo usual types of apparatus. The 
vere varied over a wide range in 
-cly the effect of different methods 
and the importance of ventilation 
nix* space above the oil. Dealing 
iter point, it was clearly seen that 
of the vapour occurred prior to 
as lx being obtained ;■ this is shown 
rjgouaent of the applied test flame 
■fix'©s below the flash-point. If the 
tlx© oil is not adequately ventilated 
3lxsurged with the products of com- 
iolx may lead to the extinction of 
urxxo or give an apparently high 
tlx© other hand, forced ventilation 
.c© by the passage of a current of 
bly x'aisecl the flash-point, as in this 

! ITxxel Oils,” Collected Researches , N.P.L., 

>- 


case the oil vapour is swept away before 
ignition can occur. Consequently the oil has 
to bo raised to a higher temperature in order 
to evolve vapour fast enough to maintain an 
inflammable mixture. 

A variation of this question was also 
investigated. In this instance the oil was 
maintained at a constant temperature and 
the vapour was allowed to collect for periods 
of varying length, the test flame being applied 
after definite intervals had elapsed. Between 
such applications of the test flame the space 
above the oil was completely cleared of 
accumulated vapour by blowing a current of 
air through the space. The result of such 
tests was to show that the higher the tem¬ 
perature of the oil the shorter the interval 
that was necessary for the vapour to accumu¬ 
late before the flash could be produced. At 
the lowest temperature at which it was possible 
to obtain any ignition of the oil vapour a 
comparatively long period (from 5 to 10 min.) 
was required before sufficient vapour had 
accumulated, and in these instances the flash, 
when it did occur, was generally of a violent 
nature. With regard to the effect of different 
methods of ignition, it was found that the 
most satisfactory results were obtained with 
a moderate-sized gas flame. Electric sparks 
or hot wires generally necessitated a higher 
temperature of the oil before flashing took 
place, and with the high temperatures a violent, 
in some cases almost explosive, flash was 
obtained. Throughout these tests the oil was 
stirred continuously at such a rate that the 
temperature throughout the bulk of the oil 
was fairly uniform, but not so vigorously as 
to break the surface or to produce splashing. 
Under these conditions it was found that the 
temperature in the vapour space immediately 
above the oil surface was sensibly the same as 
that indicated by the thermometer immersed 
in the oil; in other words, the question of 
temperature distribution met with in the Abel 
and allied apparatus does not arise hero, 

The ultimate deduction from these tests was 
that the Gray and Penalty-Martens apparatus 
indicate within a few degrooH the lowest 
temperature at which it is possible for a Hash 
to bo obtained over this very wide range of 
conditions; and furthermore the Abel and 
Abel-Pensky types of apparatus could with 
advantage be modified by the introduction of 
a stirrer in the oil vessel and possibly in the 
vapour spaco above the oil. A small change 
in the indications of these apparatus would 
no doubt result, but the determination of 
flash-point would become an operation involv¬ 
ing considerably less care and would not 
depend to any marked extent upon the exact 
form and dimensions of the apparatus 
employed. In any case the flash-point of a 
substance must be regarded as an empirical 
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constant, but the modification suggested would 
render the determination less dependent on 
any particular design of apparatus. 

§ (5) High Temperature Flash-point 
Determinations. —The limiting temperature 
at which a flash-point determination can be 
made in the Abel types of apparatus is about 
110° F. if the normal procedure be followed. 
For higher temperatures than this a modifica¬ 
tion of the normal procedure may be made in 
that the water bath itself, instead of being set 
initially to 130° F., is heated continuously 
throughout the test until a limiting tempera¬ 
ture of about 180° F. is attained. In addition 
a small quantity of water is placed in the air 
jacket to facilitate the rise of temperature of 
the oil in the oil cup. This method is liable 
to give discordant results if the rate of heat¬ 
ing be too rapid, again owing to the unequal 
distribution of temperature in the oil cup. 
Two modified apparatus were introduced to 
overcome this difficulty and at the same time 
to extend the range of temperatures over 
which a test may be made. These apparatus 
are referred to as the Pensky-Martens 1 and 
the Gray 2 flash-point apparatus respectively. 

In both these apparatus the water bath is 
dispensed with and the oil cup is supported in 
a cavity in an iron casting heated from below. 
The Pensky-Martens apparatus has an oil cup 
similar to that of the Abel-Pensky apparatus, 
while that of the Gray apparatus is of the 
same dimensions as the oil cup of the Abel 
•apparatus. The covers in each apparatus 
differ somewhat in detail, but both are provided 
with a rotating plate by means of which the 
ventilation holes are opened and the test flame 
depressed into the vapour space. Each in¬ 
strument has a rotary stirrer provided with 
vanes which agitate both oil and vapour. In 
carrying out an observation the stirrers are 
worked continuously between the intervals at 
which the test flames are applied. The 
provision of these stirrers ensures that the 
thermometers indicate the true temperature of 
the vapour, and in practice it is found that both 
types of apparatus give sensibly the same 
flash-point. In carrying out a determination 
care should be taken that the rate of heating 
of the oil is slow and regular. The thermo¬ 
meters employed should be calibrated for the 
degree of immersion obtaining in the apparatus, 
otherwise it is necessary to apply a correction 
to allow for the emergent column. This 
correction is by no means negligible, as under 
the conditions of immersion in a flash-point 
apparatus the correction will amount to as 
much as 15° C. at 300° C. 3 

In carrying out the determination of flash- 

1 A. Martens, “fiber die Flammpunktbestimmnngen 
von Schmierolen,” Mitth. It. tec/m. Versuchsanst.. 1803, 
xi. 37-45. 

2 Gray, Chem. Ind. Soc. J., 1891, x. 348. 

’ See “ Thermometry,” § (9). 
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point of an oil the prescnco of moisture gives 
rise to considerable uncertainty, and oven a 
small quantity may prevent the nil Hashing 
until the water has been driven oil. The 
temperature at which this occurs may be welt 
above the normal flash-point of the oil and the 
resulting flash may be very violent. The drying 
of oil prior to testing the flash-point is a matter 
of considerable difficulty, as heating the oil to 
100° C. may change it and thereby vitiate 
subsequent tests. Various methods have been 
suggested, such as drying with anhydrous 
calcium chloride or by exposing the moisture- 
containing oil to a high-tension discharge ; 
neither of these methods is entirely satis¬ 
factory in removing every trace of moisture, 
but undoubtedly helps in preparing an oil for 
a flash-point determination. 

§ (6) Ignition Points. —Although not of 
importance in connection with the legal aspect 
of flash-point determination, the ignition points 
of oils are frequently required in connection 
with internal combustion engine problems. A 
number of methods have been devised from 
time to time to carry out this determination 
without danger to the operator. The simplest 
form consists in allowing drops of oil to fall 
upon a heated iron plate. This method has 
been modified by li. Moore. 4 In this apparatus 
the iron plate is replaced by a grooved, block 
of steel which may he heated from below; in 
the upper part of the block a cavity is provided 
into which a platinum or nickel crucible fits 
exactly. The crucible is covered by means of a 
perforated plate, one hole of which permits the 
introduction of the substance to he tested 
while the other serves as an inlet fur air or 
oxygen. The gas employed is heated before 
admission to the crucible by being allowed to 
circulate through passages in the steel block. 
In operation the apparatus is raised to a 
definite temperature and one drop of the oil 
under examination is allowed to fall into the 
crucible. If the temperature is above the 
ignition point of the sample, combustion, mom 
or less violent, takes place, while below the 
ignition temperature no explosion or flame is 
observed. Tests are repeated until film lowest 
point at which ignition takes place is deter¬ 
mined. W, E. II. 


Flash-point Determination at High Tem¬ 
peratures. See “Flash-point Determina¬ 
tion,” § (5). 

Flexible Container Pumps. See “ Air- 
pumps,” § (20). 

Float Gauges. See “ Motors, Liquid bevel 
Indicators,” § (14), Vol, HI. 

Flow in Pipes, Measurement m . See 
“ Hydraulics,” § (24). 

1 Petroleum , Technologist Inst . J ., 1020, vl. 180. 
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Fluids : 

Motion of. Application of Dynamical 
Similarity to. See “ Dynamical Simi¬ 
larity, The Principles of,” § (10). 
Thermodynamic, Properties of. See 
“ Thermodynamics, Entropy of,” § (33); 
“ Specification of State of,” § (35) ; 
“ Isothermal Expansion of,” § (36) : 
“ Adiabatic Expansion of,” § (38). 

Under High Pressures, Experimental Re¬ 
searches on. See “ Thermal Expansion,” 

§ (IS)- 

Forging Press, I-Iydratjlio. See “ Hydrau¬ 
lics,” § (57) (i.). 

Eottinger Gear for Hydraulic Power 
Transmission. See “ Hydraulics,” § (65). 
Foundations in Soft Earth. Theory of the 
supporting power of earth foundations. See 
“ Friction,” § (33). 


FOURIER’S THEOREM 

This relates to the expansion of an arbitrary 
function /(; v) in terms of circular functions 
of a particular type. Consider, in the first 
instance, the case where f(x) is itself periodic, 
i.c. its value recurs exactly whenever the 
variable has a given constant increment a, 
so that f{x + a)=f{x), ...{!) 

for all values of x. The simplest example 
of this relation is afforded by the circular 
functions cos ( 2sTrx/a ) and sin ( 2sirx/a ), where s 
is any integer. The theorem is that whatever 
the form of f(x), subject to certain restrictions, 
it can be approximated to as closely as wo 
may desire by a series of terms of the above 
type, thus 

, . . 2irx , . 4=irx , 

/(&■)= Ao + A! cob — -l-A a cos + . . . 


T , . 2trx , ,, . 4?ra; 

+ Bi sm —.I-B« sm..+ 


( 2 ) 


Assuming for the present tlio truth of the 
theorem, the values of the coefficients are 
found as follows. To find A 0 , which is 
evidently the moan value of the function, we 
integrate both sides of (2) from x =0 to x — a. 
This gives 

' A 0 =if f(x)dx. . . . (3) 

a J o 

To find A s we multiply both sides of (2) by 
cos (2,S7r.r/a) and then integrate. The coollicviont 
of A r in the result is 

2irrx 2srrx 1 
cos-cos — ax 




2[r + s)wx 2(r-,s)7niO , 

cos —- - —I- cos —-—— • tlx. 

a a J 


Except in the case of r—s each cosine goes 
through, a complete oycle of its values at least 
once within the range of integration, and the 


integral vanishes. When r=e the result is 
•J-a. Hence 

. 2 f a , 2sirx , 

A,=-j ^ X ) ° 0S ~~a (lX ' ' ' ^ 

By a similar process 

o f a o,o 7rx 

B» = “//(*) sin- l dx. . „ (5) 

aj 0 J a 

For an account of various practical methods 
of computing the coefficients, and of the 
mechanical integrators which have been 
devised to supersede the numerical work, 
see “ Harmonic Analysers,” Vol. IV. 

There is nothing special to the two points 
x = 0, x=a, which have been taken as the 
limits of the above integrations. Any two 
points at an interval of a period will give the 
same result. In particular, writing l for the 
half-period, we have 

,, . . . irx . 2trx 

f(x) —A 0 -|- A l cos -y + A a cos ~j~+ , . . 

. rra? . 27 t.t /a . 

d-B x sm y + B 2 sin ~y + ■ • .» (6) 

where 

A° = i| Z f(x)dx, A B = jj l f(x) cos (7) 

and B„ = 2 ^' f(x) siil ^—dx. . . (8) 

This leads to two particular oases of special 
importance. If J(x) be an even function of x, 
so that /(-*) ==/(»), . . . (9) 

wo have 

f(x) = h{f(x)+f(-x)\ 

= A 0 -|- A x 008 y~ + A a COS "y " -|- . . ., (10) 

with 

A 0 =y j l f(x)dx, A„ ■ y [ j[f(x) sin (11) 

Again, if f{x) be an odd function, so that 

/(-a) »-/<*), . . (12) 

wo have 

/(*)=H/(»)-/(-*)} 

= B 1 smy-+.B a sm ^ (13) 

where f(x) mi S7r plx. . . (14) 

In many applications, especially when the 
variable x is a space - co-ordinate, we are con¬ 
cerned only with a limited range of x, say from 
0 to l. As instances we have the vibrations 
of a string, and the How of heat through a 
plate. Outside the above limits the function 
/(*), may not exist, so far as the physical 
problem is concerned, but we are at liberty 
to imagine it continued analytically both 
ways as a periodic function. We are further 
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at liberty to suppose it continued as an odd 
or as an even function of x, as is illustrated 
by the annexed figures. It is to be noticed, 
however, that in the second case the process 
of continuation introduces discontinuities at 
x =0, x = l, unless fix) vanishes at these points. 




1 1 

! 1 

1 

1 

-21 ~l\ 0 

1 

l\ 21] 

1 i 


Fig. 1. 




1 ' 

, i 

1 1 

1 1 

-2i -i o 

l 21 


Fig. 2. 

Similarly, in the original form (2) of the 
theorem, if the function is continued with a 
period a, discontinuities will be introduced at 
x = 0, x — a, unless /(0) =/(a). 



A complete statement of the conditions 
under which the theorem (2) holds is not 
attempted here. For physical purposes it 
may be sufficient for the moment to say that 
the expansion is valid provided /( x) be con¬ 
tinuous, and has (within the period) only a 
finite number of maxima and minima. The 
mathematical proof, which is necessarily 
somewhat intricate, must be omitted, but 
physical arguments of a very convincing kind 
are easily adduced. Suppose, for example, 
that x is measured along the circumference 
of a uniform thin metal ring whose total 
perimeter is a ; and let f(x) denote the initial 
distribution of temperature. If radiation 
from the surface be neglected, the theory of 
conduction of heat indicates that the subse¬ 
quent process is made up by superposition of 
the various “ normal modes ” of approach to a 
steady state, with arbitrary coefficients, thus 

A 0 + A x cos~—+ cos-^-^e“* i!i -|- . . . 

a 1 a 

+B 1 sin : ^—?e -Ai{ + B 2 sin^-^e“^ a *+ • • •> (lb) 

ct a 

w here X 4 = 47TK3 2 /a 2 . . . (16) 


i This being granted, the initial distribution 
[ f(x) must correspond to f=0. Hence J'(x) 
must admit of expansion in the form (2). 
Arguments of a similar character might bo 
adduced from Acoustics, and other branches 
of Physics. 

The restriction as to continuity, above made, 
can to a certain extent bo dispensed with. 
Provided the discontinuities are of finite 
amount, and occur (within the range of a 
period) only at a finite number of isolated 
points, the expansion (2) will still hold except 
at the points of discontinuity. At such a 
point the value of f(x) is of course ambiguous, 
but it may be proved, that the series on the 
right-hand side of (2) converges to a definite 
value which is the arithmetic mean of the 
values of f(x) immediately to the left and 
right of the discontinuity. This applies in 
particular to the discontinuities which may 
he introduced when a function given over a 
finite range is continued as a periodic function, 
in the manner already explained. 

Suppose, for instance, that it is required 
to express in the form (13) the initial tempera¬ 
ture of a conducting slab bounded by the planes 
a:=0, x=l, and, for simplicity, that the initial 
temperature is everywhere unity. Putting 
/(*) = 1 wo have 

B„ -1 1" 1 sin S ~dx =~(1 - cos sir). (17) 

This is equal to 4/sir or 0, according as s is 
odd or even. Thus 



/ . svx , . 

I sin -j .I- ?, sin 


Ssirx 

.z. 


-I -1 sin 


KsirX 

~r 



When in this case f(x) is continued as an odd 
function there is a sudden change from I to 
-1, or vice versa, at x~0 and x = l. The 
series has then the value zero, which is the 
arithmetic mean aforesaid. The figure shows 
the approximation given by the first three terms 
of the expansion. It may bo added, in leaving 



this topic, that in the applications to physical 
problems a mathematical, discontinuity of 
temperature) is only to ho regarded as the 
idealised expression of a very rapid transition. 

In practice there is, of course, a limit to 
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the number of the coefficients A s , B, which it 
is convenient to calculate. The rapidity with 
which the series converges depends on the 
smoothness or regularity (in a general sense) 
of the function f(x). It is evident that the 
coefficients, as determined by (4) or (5), must 
ultimately diminish without limit as the 
order 6- increases, owing to the more and more 
rapid fluctuations in sign of the circular 
functions cos (2s7ra;/a) and sin (2s7ra;/a), and the 
consequent more complete cancelling of the 
positive and negative elements in the integrals. 
More definite results were given, by Stokes. 
If the function f(x), as continued, has only 
isolated discontinuities, the coefficients ulti¬ 
mately diminish as 1/s ; this is illustrated by 
(18). " If J{x) is everywhere continuous, whilst 
its derived function f'(x) has isolated discon¬ 
tinuities, the convergence is as l/s 2 , and so on. 
The present point has many exemplifications in 
Acoustics. For instance, the more gradual the 
initial impulse given to a string, the fainter 
are the higher harmonics in the resulting note. 

The approximate representation of an 
arbitrary function over a given range by 
means of functions of a specified type is a 
problem which naturally admits of solution 
in various ways. It is of interest to note that 
Fourier’s method is the one which makes the 
sum of the squares of the errors a minimum. 
Taking for brevity the sine-series (13), and 
limiting ourselves, in the first instance, to a 
finite number of terms, the sum of the squares 
of the errors is 

j\f( x )~ s i n y -B a sin—. . . 

—B m sin dx. (19) 

To make this a minimum we must equate 
the differential coefficients with respect to 
Bjl, B b , B rn to zero. The typical 
equation is 

Cl f . ... . ttX . 2irx 

/ j/(*) ~ sm -j - .Bo sin - j — ... 
do 

... . mirx \ . sirXj A /OA . 

- B m sm j j sin - j-dx — Q, (20) 

whence B a =jJ l f(x) sin S ~~~~dx, . . (21) 

as in (14). Each additional term included 
in the scries necessarily lowers the minimum, 
and so improves the approximation, as tested 
by the method of least squares. ii. L. 


Fourth - power Law, Investigation or, 
between 1003° C. and 1549° 0. See 
“ Pyrometry, Total Radiation,” § (4). 

Frame is the name given to the rigid struc¬ 
ture to which portions of a mechanism are 
attached and relative to which they move. 
See “ Kinematics of Machinery,” § (2). 


Framed Structures. Sec “ Structures, 
Strength of,” § (22). 

Free Piston, Internal Combustion Engine, 
Otto and Langen. See “ Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (33) 
and (49). 

Freezing Mixtures, Theory of. See 
“ Thermodynamics,” § (63). 

FRICTION 

Introduction. —■ Friction may be broadly 
defined as the resisting force wliich is called 
into existence at the common boundary of 
two substances in contact when under the 
action of some external agency one of the 
substance^ slides, or tends to slide, over the 
surface of the other. The direction of the 
force of friction is tangential to the surface 
of contact, and so long as there is no motion 
its magnitude is equal to the component in 
the direction of motion of the external force 
tending to produce sliding. 

The phenomenon of friction is common to 
all substances, solid, liquid, or gaseous, which 
may be in contact with each other and subject 
to forces tending to cause relative motion, 
but the laws correlating the magnitude of the 
frictional forces produced, with the magnitude 
of the external forces acting and tho state of 
motion produced by them, differ widely with 
the nature of the substances. For example, 
the friction between the wheels of a loco¬ 
motive and tho rails, in virtue of which rail¬ 
road traffio becomes possible, depends on tho 
weight on tho wheels and not on the speed of 
tho wheels, whereas the frictional resistance 
of tho water to the motion of a ship floating 
on it depends on tho speed of the ship and is 
independent of the pressure of the water. 

The term friction lias also been extended, 
with certain restrictions, the necessity for 
which will ho explained below, to include * 
the mutual resistance which different parts of 
the same substance offer to sliding over each 
other. That this interpretation must,, of 
necessity, be extended to fluids is obvious 
from the consideration that in tho case of tho 
skin friction of a ship referred to above, the 
particles of the water in contact with, the 
surface of tho ship are at rest relatively, to it, 
and the sliding to wliich the resistance is due 
takes place in tho body of tho water itself. 
The resistance to motion of tho ship is, there¬ 
fore, due to the shearing resistance of tho 
water in which it moves, and for this reason 
this shearing stress is commonly called the 
internal friction of the water. In the case of 
an elastic solid, however, the conditions of 
relative motion of its particles duo to the 
action of external forces are more complex. 
For example, suppose a vertical elastic rod 
is supported rigidly at its upper end and 
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carries at its lower extremity a mass which 
executes free torsional oscillations about the 
axis of the rod. During each half-oscillation a 
certain, amount of the work done by the rotat¬ 
ing mass is stored up as potential energy in 
the rod and this is given out again to the 
mass on the return movement. It is found, 
however, that the amplitude of the oscillations 
diminishes much more rapidly than would 
be due to the resistance of the air in which 
it swings, and it is concluded that frictional 
resistances have existed in the material of the 
rod to bring this about, i.e. the rod has a 
certain amount of internal friction or viscosity. 
In this particular illustration we have, there¬ 
fore, a case in which part of the work done 
against the resistance to distortion is stored 
up as potential energy of the material and part 
is converted into heat. That the two pheno¬ 
mena are essentially different will be seen 
from the fact that in the elastic distortion 
the resistance is proportional to the relative 
displacement, whereas in the case of internal 
friction, or viscosity, the resistance is propor¬ 
tional to the time rate of relative displace¬ 
ment. 

The necessity for the restriction of the use 
of the term friction to those cases in which 
the work done against the frictional resistance 
is converted into heat is, therefore, obvious. 

From these considerations it will be seen 
that a more precise definition of friction than 
that given in the first paragraph would bo 
as follows. The resisting forces brought 
into existence at the surface separating two 
substances in contact, or two parts of the same 
substance, by the action of any external 
agency tending to produce relative motion at 
the surface are denominated frictional forces 
in all cases in which the work done by them 
is converted into heat. 

In previous works on the subject of friction 
' it has been customary to classify all cases of 
frictional resistance under one or the other 
of the following two divisions : 

(a) Friction between solid bodies in con¬ 
tact ; the frictional resistance being subject 
to certain empirical laws. 

(l>) Friction between solids and fluids or 
between solids separated by a film of fluid ; 
the resistance being determined from the 
motion and physical characteristics of tho 
fluid. 

In recent years, however, it has become 
more and more recognised that this broad 
division of the subject cannot be made for the 
reason that it is almost impossible in prac¬ 
tice to obtain contact between solid surfaces 
without the intervention of a contaminating 
film of fluid which renders the phenomenon 
one in which the nature of the resistance is 
to a greater or less extent dependent on the 
characteristics of the contaminating film. 


Tho modern tendency is, therefore, in regard 
the frictional resistance of solids in contact 
and moving relatively to each other as a 
limiting ease of the friction between the 
solid surfaces separated by a layer of fluid 
when the thickness of this layer is diminished 
to such an extent, that its morion can no 
longer bo treated by the laws of hydrodynamics, 
so that the unknown 'boundary conditions 
constitute tho main characteristics governing 
the resistance. 

For this reason it is proposed in tho present 
article to commence with the treatment of 
tho internal friction of fluids and the manner 
in which it is a Hooted by the characteristics of 
the motion, and then to proceed to a discussion 
of tho force acting at a solid bounding surface 
of a fluid tangential to the direction of the fluid, 
flow, in, the first instance when tho conditions 
at the boundary are known, and finally when 
these conditions are hypothetical. 

The detailed classification of the subject- 
matter of the present article will therefore be 
as follows : 

Division 1. Internal Friction, or Viscosity. 

Division IT, Tin* Nature of the Motion*of 
Fluids over Solid Surfaces and the Character¬ 
istics of the Frictional Forces (Jonseipioht on 
tho Motion. 

Division III. Tho Determination Theoreti¬ 
cally and by Experiment- of the Frictional 
Resistance offered by Solid Surfaces to the 
Motion of Fluids over them, in all Cases in 
which the Resistance is determined by the 
Motion of the Fluid. 

Division IV. Tho Frictional Resistances 
between Solid Surfaces separated, or Partially 
separated, by a Film of Fluid of such a Depth 
that tho Fluid does not Conform to the laws 
of Hydrodynamics. 

Division V. Tim Frictional Resistance of 
Clean Solid Surfaces. 

Division VI. Tho Relation between Friction 
and Heat Transmission. 

I. I ntkunai. Fruition, on Vi.nmohitv 

§ (!) ViKuous Iri.iuns. In distinguishing be¬ 
tween solids and fluids it is customary to deline 
a fluid as a substance which :is incapable of 
sustaining tangential or shearing stress. This 
definition, however, is only true in the ease of 
actual fluids when they are at rest, - When 
relative motion exists between neighbouring 
portions of the same fluid, a mensurable resist¬ 
ance to the relative motion can be observed 
and affords a proof that actual fluids are 
capable, of sustaining shearing stresses; tlm 
fluid, is said to exhibit the property of viscosity 
or internal friction. It would* appear prob¬ 
able, therefore, that some definite relation 
exists between this shearing stress in fluids 
and the rate of distortion of tho fluids of 
which it is tho characteristic feature. It was 
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assumed by Newton tlrnt, for a fluid moving 
in parallel layers, the shearing stress at any 
point at which the. velocity gradient in a 
direction perpendicular to the layers was 
dvjdif, would be simply proportional to the 
value of the gradient, i,e. that the relation 
between internal friction and the relative 
motion would be given by 
, dv 

^dy ’ 

wliero n, (allied the coefficient of viscosity, is 
a fundamental characteristic of the fluid. 

The definition given by Maxwell is as follows: 

The coefficient of viscosity of a substance 
is measured by the tangential force on unit 
area of either of two horizontal planes at unit 
distance apart, ono of which is fixed while the 
other moves with the unit of velocity, the 
space between being filled with the viscous 
substance. 

The interpretation of the coefficient of 
viscosity of a fluid, according to the kinetic 
theory of matter, is as follows : 

.Lot AR (Fig. 1) represent the trace of a 
' plane in the fluid, parallel to 
.the direction of motion, and 
let there be a definite gradient 
of velocity at right angles to 
AR as indicated by the lines 
parallel to AR representing 
the magnitude of the velocity 
of the layers relative to the 
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velocity of AB, so that the molecules im 
mediately above AB are moving faster than 
those below it. Some of those molecules 
will cross AB from the upper to the lower side 
and an equal number will pass upwards to 
replace them. Thus the layer immediately 
above AB is continually losing momentum 
and that below is continually gaining it. The 
effect is to bring into existence a _ definite 
shearing stress on the plane AB which con¬ 
stitutes the viscous drag. The internal friction 
of fluids consists therefore of a transfer of 
motion from one layer to the other, but this 
transfer does not proceed without loss of 
energy, since the translatory motion of the 
layers is transformed, into heat. This is 
evident from the consideration that heat 
motion differs from translatory motion only 
in the fact that in the former case particles 
are moving in all possible directions _ and m 
the latter in one and the same direction and 
that a change from uni-directional motion 
to multi-directional motion cannot fail to 
take place in a medium which consists of 
particles which exert actions on each other 
by the forces of cohesion or collisions. 

fi (2) Viscosity of Gases.— In the case of 
gases in which the molecules are supposed to 
bo outside the sphere of each other’s attraction 
during the greater part of the time considered 


it is possible by means of the dynamical theory 
to obtain the value of the coefficient of vis¬ 
cosity in terms of the characteristics of the 
gas. 1 

Wc picture the gas as composed of a very large 
number of molecules, moving with varying velocities 
in all directions and influencing each other by their 
collisions. Let us consider a group consisting of 
N molecules contained in a unit of volume in the 
form of a cube ; then we may suppose, with Joule, 
that the average velocity at right angles to each 
face of the cubes is the same, so that if V be the 
mean resultant velocity and u, v, w tlie components 
we have V 2 =n 2 +v 2 +ttf 2 =3w 2 , for u, v, w are 
equal. 

Thus we may regard the gas as consisting of three 
groups each containing N molecules and moving 
with equal velocities V/ N /3 in the three directions 
at right angles, or as three groups, each containing 
N/3 molecules, moving with velocity V in each of 
the three directions in question. In either case the 
energy of agitation will be the same. 

Adopting this latter view it is clear that considering 
the whole number of molecules N in unit volume 
of the gas, since one-third of this number will be in 
motion perpendicular to any two opposite faces of 1 
the unit cube containing them, and of these half are 
moving towards either face and half away from it, 
therefore the number which will be moving from 
the upper to the lower side of any one face will 
be one-sixth of the total. Further, considering all 
the molecules which pass through this face from the 
upper to the lower side in unit time, it is evident that 
these will be limited to the molecules whose distance 
from the face at the beginning of the time interval 
was less than the length of the path which they would 
travel in unit time. Hence all the molecules which 
cross the face from the upper to the lower side in 
unit time come from the prism whose base is the face 
and whose height is measured by the velocity V of 
the molecules, i.e. they all come from a prism of 
volume V. The number of molecules, therefore, 
which cross unit area in unit time in this direction 
is <1NV. It must he remembered also that each 
of these molecules has only been moving in a direc¬ 
tion perpendicular to the face of the unit cube, 
since its last collision, and that therefore it wifi 
only form one of the group during the time which 
elapses from one collision to another, i.e. over the 
distance known as the molecular free path L, the 
average distance travelled by a molecule between two 
collisions. 

Now assuming the existence of a velocity gradient 
perpendicular to the face of the cube whose value is 
unity, i.e. that the velocity of flow at a distance ^ 
above the unit face is numerically equal to “ U ” 
so that according to our definition the friction over 
tlie face measures the coefficient of viscosity, we can 
calculate the friction between the two layers of gas 
separated by the unit face as follows: The number 
of particles which pass the face from one side to 
the other per unit of time is £NV. These have begun 
their path towards the face at difierent depths, 
but on the average they come from a distance from 
the face which is equal to the mean free path L, and 
have described this distance in the unit of time. 


1 Jeans, Kinetic Theory of Gases. 
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Their mean forward velocity is therefore given by 
V—L. Therefore each molecule carries with it over 
the face the momentum mL, where m is its mass, and 
the total momentum carried over in unit time is 
&NVmL. 

Simultaneously there pass in the opposite direction 
across the face NV molecules, each of which comes 
from an average distance from the face of - L and 
whose mean forward velocity is given by V = — L, 
The total momentum carried over in this direction 
is therefore— jtNVwiL. 

Therefore the layer above the unit face loses in 
unit time the momentum 

PTVmL-(-pVmL) 

=PYmL, 

and tliis, by hypothesis, is the amount of the friction 
exerted on the face, and is the expression for the 
coefficient of viscosity. Since Nwi is the density (p) 
of the gas we may write 

M-ipV. L. 

If, instead of making the assumption that all the 
molecules have equal speeds, we assume Maxwoll’s 
law for their distribution, it can be shown that a 
more accurate value of the coefficient of visoosity is 
given by 

M=0-30967pVL, 

where V is the .mean value of the speed derived from 
Maxwell’s law. (See Meyer’s Kinetic Theory of 
Gases, Appendix iv. p. 451. ) 

Substituting in these equations tho value obtained 
by Clausius for the mean free path 


where s is the radius of the sphere of action of the 
molecules and A. is the volume occupied by a single 
molecule, we have ° 

_NA 3 mV 

^ 47TS a ' ’ 

and since N\ 3 = l, a=~ . 

' 4 TTB r 

In. this expression for p there is no factor 
which depends on the pressure of the gas, a 
deduction from the theory which led Maxwell 
to predict that the viscosity of a gas would 
be independent of its density, and thus that 
the oscillations of a pendulum in a gas would 
he equally damped by gaseous friction, how¬ 
ever low the pressure might be. 

This conclusion was so much opposed to tho general 
opinion of physicists at the time that tho export- 
mental verification of Maxwell’s prediction, whioh 
took place soon afterwards, was perhaps tho most 
important factor in the acceptance by physicists 
of the kinetic theory. It has been found, however, 
that when the pressure of a gas is reduced to extremely 
small values, the viscosity no longer remains constant.' 
This lower limit bas been found by Kundt and 
Warburg to be in the neighbourhood of one-sixtieth 
of an atmosphere. As would be expected, there is 
also an upper pressure limit at whioh the law no 
longer holds, since at high pressures the general 


assumptions of the theory are not approximately 
correct. 

A further deduction from the kinetic theory uu 
originally developed by Maxwell and OlftiiHiun’ wan 
that the viscosity was proportional to the square 
root of the absolute temperature of tho gas. Experi¬ 
mental investigation, however, failed to establish 
this relation, and it was found that the actual law 
of variation of p with T was given by poo T'* 
where n ranged from its lowest value of about •! for 
hydrogen to about .!•() for the hm perfect gases. On 
the assumption that n was equal to unity for all 
gases Maxwell deduced that tho molecule,) must ropol 
each other with a force inversely proportional to the 
fifth power of the distance between them. Thin 
hypothesis, however, had to bo abandoned when it; 
became certain that n was a variable quantity. By 
a ro-exammntion of the fundamental assumptions 
on which the kinetic theory was based .Sutherland 
was led to the conclusion that, although the attrac¬ 
tion between two molecules of a gas is negligible 
at their average distance apart, yet, when two 
molecule's are passing quite close to each other the 
force of attraction can bring about a collision whioh 
in its absence would not have taken plane. 

On this hypothesis .Sutherland 1 Jins deduced from 
the equation of the orbit of a molecule that the 
offcot of tiro molecular attraction in producing 
collisions is to diminish tho mean free path L in the 
ratio: (1-l-c/T), where c is a constant for the gnu. 

It follows therefore, from the expression 

that since Q varies as n/t and L varies inversely 

as (1-l-c/T), tho value of p will vary as 

J'V 

1-l'C/T 

In an experimental investigation into the visoosity 
of air (see § (5)), it was found by Orindloy and Gibson 
that this relation hold with considerable aemimny 
between temperatures of () and 10(f, the maximum 
deviation of the experimental results from the above 
law being 1*8 per cent, 

§ (3) Jill! ISxI MO l» MU N T AT. .DlO'PKKMtNATION 

Off THU VAUfKS Off (.(OKffffKtt I5NTH off VltWJOSJTV 

ffoxt burros. (i.) liquations of Motion ..-Ah 

tho majority of tho methods used to measure 
visoosity depend cm a relation between tho 
motion of tho fluid and the variations of its 
proHHuro from point to point, a brief aeeoimt 
of the derivation of the equations of motion 
or a viscous fluid is hero given. 

Assuming the truth of the Newtonian hypo¬ 
thesis, tho equations of motion of the fluid 
can be obtained as follows: If we imagine 
throe pianos to bo drawn through any point 
l m the fluid perpendicular to the axes of 
a, y, arid a respectively, the three components 
of tho stress per unit area exerted across tho 
first of those pianos may be denoted by p 
Vm> Kz respectively; those of the ‘strews 
across the piano perpendicular to y by p t 
Pm> P v % 5 and those of the stress across the plane 
perpendicular to a by //w 

it follows at once that, considering an. 
a “ Viscosity of Gases,” Phil. Mag „ Bee. 1893 . 
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element. dxaySz having its centre at P, and 
taking momenta, 

Pvz~Pzv> Pzx~Pxm Pxv~PvX‘ 

Also, if p s ,p a be the principal stresses at P,_ 
it can bo shown (a) that x 


+ Pvv + Pan — Pi + p% + P 3 ; . ( 1 ) 
i.e. the aritlimetio mean of the normal press¬ 
ures on any three mutually perpendicular 
planes through the point P is the same and 
equal to p (say); and (b) that the values of 
the stresses in terms of p, the coefficient of 
viscosity p* and the rates of distortion are 
given by the expressions 


P*a- -p-h L 
Pvv ~ - p- tf/x 
p**=-p- 


f 'du 

dv 


, n du‘ 

\dx 

r dy 

+ 5 J 

1 + 2 /^ 

t'0% 

. 3?; 

div\ 

1 n ^V 

^7)® 

% 

"{** "z — 1 

dz } 

1 +2m % 

"du , 

'dv 

, div\ 

„ 'dw 

_—1 

yi* 

% 

f &) 

+ SS »Tz 


m — „ — ft W ^ V \ 

Pxv=Pvx=--p^ x + d ~j 


• ( 2 ) 


The condition for “laminar motion”— 
motion, that is, in which the fluid moves in a 
system of parallel planes, the velocity being 
in direction everywhere the same, and in 
magnitude proportional to the distance from 
some fixed plane of the system—is seen to be 

u — ay, v=0, w—Q, 

from which it follows that the axis of x being 
taken in the direction of motion and the 
velocity being proportional to the distance 
from the plane zx 

Pm=Pvv~P*»~-p, Pv»~0, p,„ = 0, p av -pa, 


“ a ” being the rate of distortion. 

Tho strossos in different fluids under similar 
conditions of motion will he proportional to 
the corresponding values of p, but if we wish 
to oomparo their effects in modifying the 
existing motion we have to take account of 
tho ratio of these stresses to the inertia of 
the fluid. From this point of view the deter¬ 
mining quantity is the ratio pjp, which is 
denoted by the special symbol v, called by 
Maxwell the “ kinematic ” coefficient of vis¬ 
cosity, Tho oquatiops of motion are obtained 
by considering the forces acting on a rect¬ 
angular element having its centre at P. Thus 
resolving parallel to x, the difference of the 
normal pressures is (dp a Jdx)8xdy8z. The tan¬ 
gential tractions on the zx faces amount to 
(dp. u Jdy)SijdxSz, and those on the xy faces are 

1 Lamb’s Hydrodynamics (1910 off.), P. 509. See 
also “ Elasticity, Theory of,” § (6). 


(dp m /dz)8z8x5y. If therefore X, Y, and Z are 
the components of the external forces per 
unit mass, we have 


P ~= P X + ^ 

La ox cy r cz 

p—= P Y + %' + ^+^ 

Dt r 'dx r dy r oz I ’ 




(3) 


where DJDt denotes a differentiation following 
the motion of the fluid, i.e. 


£-1 

Dt~'dt 


'd 2 r 6 

-f- W~ -h V~ -1- tO-r—. 

ox 'dy r dz 


Substituting the values of p xa , etc., given 
above, we have 


Du 

p Dl 


= P X- 


'dp. 1 'dd , 2 

■Tx +i ^ + w u > 


(4) 


etc. . 


where 

and 


7 )u ^ r 6v ^ 'dw 
'Ox mj r oz 


^ ?■ 
v W W W' 


When the fluid is incompressible, these 
reduce to 


Dm 


p m =pX-£+ii^ u 


'dp 


Dt 

Dv 

p Dt : 


Ox 

P Y -||+.AW a w 


Dw „ r 0p „ 

p m =pz -¥z + ^ w 


(5) 


(ii.) Flow through a Circular Pipe .—As an 
example of the applications of these equations 
we may take the important ease of the steady 
flow of a liquid through a pipe of uniform 
circular section. 

Taking the axis of z to be coincident with 
the axis of the pipe, and assuming that the 
velocity is everywhere parallel to z, and 
dependent solely on the distance from the 
axis, we have w~0, v—0, and therefore 
from (5) 




( 1 ) 


i.e. the mean pressure is uniform over each 
section of the pipe. Again, from (5) we have 


'dp / "d 2 w 8 2 w\ 
'dz~~ p ' \7<a; 2 + ?)z 2 J ’ 


( 2 ) 


where p is a function of z. Transforming into 
polar co-ordinates r and 6 


'dp / 7) 2 w 1 'dw 1 'dhv\ 
'dz~ p ‘\'W s f 'dr r 2 'dd 2 J 


(3) 


and, since by symmetry w is independent of 
9, the last term on the right-hand side vanishes. 
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Hence the equation may be written 


or integrating 


( r m 
rrr 

\ 1 dp 

= - rh r • 

• (4) 

\ dz 

J g <)z 


.' 'dz 

A log r -S B. . 

• (5) 


V=T- 


( 6 ) 


(?) 


Since the velocity must be finite at the axis 
A = 0 and, if B be determined on the assump¬ 
tion that w-d at the boundary, i.e. there is 
no slipping at the wall of the pipe (r-a say), 
we have 

( g 2- ? .2) 

4/i dz ' 

The flow across any section is therefore 

f a n r , tt ® 4 '('P 

/ w. 2irr c-r = . 

/ 8 u. oz 

•0 r 

Thus if V be the volume passing in time T so 

that the flow is V/T, we have 

-, 7 m 4 dp 

8/x dz 

If the fall of pressure along a length Z of the 
tube is uniform and equal to p 1 -p 2 , this 
equation may be written 

•y rj\ 7r ^' Pi Pi . 

8 fi l 

If, on the other hand, the possibility of a slip 
at the boundary is not excluded, the most 
natural assumption to make is that the slip¬ 
ping is resisted by a tangential force propor¬ 
tional to the relative velocity, 1 ‘ ' 
boundary condition would be 
2w 

where ft is a slipping coefficient, or 


the 


w— -X- 




if \ = 

P 


This determines B in equation above, so that 
dp (a 2 - r 2 + 2\a\ 
w ~te \ 4g 

If X/re is small, this gives sensibly the same law 
of velocity as in a tube of radius a+X on the 
hypothesis of no slipping. The corresponding 
value of the flow is 


war 
8 g 


x a) dz 


§ (4) Effect of Turbulence. —It is clear 
that any experimental verification of the truth 
of the law of resistance postulated by Newton 
will depend upon whether in the relation 




a value of g for any given fluid can be found 
Avhich has an identical value for all values 
of the velocity gradient dvjdy. It will be 

1 Lamb’s Hydrodynamics (1910 edition), p.' 572, 


seen later that in those cases of fluid motion 
in which the motion is turbulent or eddying, 
the ratio of the shearing stress in the fluid 
parallel to the mean direction of the flow 
to the mean velocity gradient perpendicular 
to this direction is not an absolute constant 
for the fluid, but depends on the*, actual values 
of the velocity of flow and the distribution 
of the solid boundaries of the flow. In these 
cases the Newtonian hypothesis breaks clown, 
but its truth under circumstances of stream¬ 
line flow defined by the condition that the 
velocity of the fluid at any fixed point is 
always constant in magnitude and direction, 
has been fully demonstrated. Under these 
conditions of motion the cooitioiout g lias 
been shown to ho a physical property of the 
fluid and is known as the absolute coefficient 
of viscosity. 

§ (5) Results of Exiuchimmnts. (i.) Gam, — 
Most of the earlier determinations cm gases 
were carried out by the method of noting the 
damping of the oscillations of a disc: in the 
gas, as in the case of Maxwell's classical 
experiments. 2 In this method, however, 
there arc considerable mathematical diffi¬ 
culties in determining the motion of the air 
at the edge of the disc, and in recent work on 
the subject the method of observing the fall 
of pressure of the fluid when flowing at a 
known speed through a channel with parallel 
walls has boon used. An example of this 
method is seen in the work of Grindley and 
Gibson on the viscosity of air. 8 The apparatus 
used consisted of two gas-holders of about 3 
cubic feet capacity oonnootod by a length of 
lead tubing of 0-125 inch, diameter, of which 
part was used as the experimental tube. The 
ends of the experimental portion are con¬ 
nected to a manometer by which the fall of 
pressure can be measured. In commencing 
an experiment one of the gas-holders contains 
air and the other water, and by admitting 
water under pressure to the lower part of the 
gas - holder containing air, the air is forced 
through the tube at the desired rate. The 
gas-holders woro calibrated so that the volume 
of air passing through the tube in a given time 
could bo determined. The length of the tube 
between the vessels, which was about 1 DO feet, 
was wound on a central brass cylinder on a. 
helix of -jf-rj- pitch and 1 ft. diameter. The 
cylinder rested on supports in a vessel filled 
with water and provided with, devices for 
maintaining the temperature at any desired 
value between 0° 0. and 100" 0. The experi¬ 
mental part of the tube was about 108 foot 
long. 

By inserting the known values of the flow 
and value of the pressure gradient in equation 
(0), § (3), the value of g was deduced. It was 

3 Phil. Trans. Roy, Soc. elvl, 

3 Proc, Roy. Soc, A, Ixxx. 114, 
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found Mi at. in accordance with the results of 
previous investigators the value of y was 
independent of the pressure, and, further, that 
its variation with temperature closely approxi¬ 
mated to the law deduced hy Sutherland from 
theoretical considerations, so that the value 
could ho written 


temperature of the water to any desired value. 
It was, therefore possible, hy using capillary 
tubes of varying bore and length, to obtain a 
relation between the rate of discharge, the 
dimensions of the tubes, and the pressure 
and temperature of the water. The relation 
as given by Poiseuille was 


__ K \/T 
^ 1 + c/T’ 

whom T in the alisoluto temperature, and, for 
(ho cusp of air, 

K = 141-8 x 10-», 

<; m 102-5. 


h’or comparison with the results of other 
observers which are expressed in the form 
(i. ff(l-i-5i-|-ct a ), the values of the constants 
a, I), and e for air wore found to he 
a « 170*2 x 10-o, b - 0*00329, c = 0*000007. 

(ii.) Liquids,- .In forming a physical con¬ 

cept ion of the viscosity of liquids it is of interest 
following Maxwell, 1 to regard the phenomenon, 
not as an oxamplo of the diffusion of matter, 
but us a limiting case of an elastic solid when 
the material breaks d< nvn under shoar. Thus in 
the case of an elastic solid the shearing stress 
on any plane is proportional to the space 
rate of displacement of the material parallel 
to the plane. Tho viscous drag is therefore 
related to the velocity in precisely the same 
way m tho elastic shearing stress to the 
displacement. We may, therefore, look upon 
a viscous liquid as capable of exerting a certain 
amount of shearing stress for a short time 
and then breaking down and the shear recom¬ 
mencing. If we suppose that tho rate at 
which the shearing stress breaks down is pro¬ 
portional to the shear and is equal to Xd, where ] 
() in the shear given by O^dx/dy, x being 
tho horizontal displacement, tho rate at which 
shear is supplied is d()/dt, or d/dy . dx/dt, 
i.(\ d/dy, v, whore vis the velocity of displace¬ 
ment. ' We have therefore XO-dv/dy, and 
since the shearing stress is given by f=nO 
we have f •n/X. tlvjdx , or n/X — y.. The quan¬ 
tity 1 /X is called the time of relaxation of the 
liquid and measures the time taken by the 
shear to disappear when no fresh shear is 
supplied. 

§ (0) Marly Experiments. (i.) Poiseuille s 

Method, . The earliest experimenter on the 

viscosity of liquids was Poiseuille, who carried 
out a very extensive series of observations on 
the llmv of water through capillary tubes. 2 In 
these experiments the outlet end of tho capil¬ 
lary tube was connected to a reservoir of water, 
the pressure in which could be regulated to 
any desired value by means of an air-pump, 
connected to the upper cover of the reservoir. 
Provision was also made for regulating the 


i " Dynamical Theory of Gases,” Phil. Trans. 
U °H'omffrmlus, 1840-41, tt. xl. xii. 


Q = 1836-724(1 + 0-0336T + 0-000221T 2 ) 


PD 4 


where Q is the discharge in milligrammes of 
water per second, P is the pressure difference 
between the ends of the capillary tube in milli¬ 
metres of mercury, and D and Lare the diameter 
and length of the tube in millimetres. It will 
be noticed that this relation agrees exactly with 
the results of the motion of a viscous fluid 
through a pipe of circular cross-section, on 
the assumption that the velocity at the bound¬ 
ary is zero, i.e. the time of efflux of a given 
volume of water is directly as the length of 
the tube inversely as the fourth power of the 
diameter and inversely as the difference of 
pressure at its ends. As an instance of the 
high order of accuracy obtained in these ex¬ 
periments it may be remarked that the value 
of jj, for T = 0, calculated from the above 
expression, is in close agreement with the most 
modern determination. It has been pointed 
out hy Lamb that, if any appreciable amount 
of slipping at the boundary of the pipes used 
by Poiseuille took place, a deviation from the 
law of the fourth power of the diameter would 
become apparent, and the fact that this was 
not the case excludes the possibility of such 
an amount of slipping as has been inferred by 
Helmholtz and Pietrowsld from their experi¬ 
ments on the torsional oscillations of metal 
spheres filled with water. The question is 
very fully discussed by Whetham, 3 who con¬ 
cluded that no slipping took place. 

(ii.) Temperature Effect. — It will be seen 
that the variation of viscosity with temperature 
is of the opposite sign from that of gases, and 
it appears to be a characteristic of all liquids 
that the viscosity diminishes as the tempera¬ 
ture rises. In the case of water the change is 
fairly rapid, as will he seen from the following 
table, which gives the results of determinations 
by Ilosking. 


Temp. 0“ G. 10 
-0L8 *013 


20 30 40 50 60 70 

•010 *008 -0006 •0055 *0047 -0040 


This rate of variation is in very fair agree¬ 
ment with the temperature coefficient unit 
determined by Poiseuille and given m the 
formula above. 1 

(iii.) Corrections ,—The Poiseuille methoc, 
on account of the simplicity of the apparatus 
required and the ease with which the obser¬ 
vations can be made, is still much used, but 
it should be observed that for accurate work 
two corrections to the results must he applied. 

3 Phil. Trans. R.S. A, clxxxi. 559. 
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In the first place, the difference of pressure 
between still water on the inlet and outlet sides 
of the pipe is not an accurate measure of the 
pressure gradient along the pipe, since some of 
this pressure difference is required to com¬ 
municate the kinetic energy of motion to the 
water. Further, in deriving the equation of 
flow (§ (3)), it is assumed that the velocity 
distribution across the pipe lias become 
uniform and that no accelerations parallel to 
the axis of the pipe are taking place. This 
condition is not fulfilled near the inlet end of 
the pipe, as an appreciable length of tho pipe 
from the inlet in the direction of flow is 
required in which the accelerations die out 
and the velocity distribution becomes uniform. 
For these reasons .instead of the use of the 
simple formula derived from equation (7), § (3), 


irtt FI. 1 


Pl~P* 
. I ’ 


in which T is the time of efflux of tho volume 
V of liquid, (p 1 -p i ) the pressure difference 
between the inlet and outlet ends of the 
pipe, and l tho length of tho pipe, the following 
formula, in which tho corrections explained 
above are inserted, should be used: 


n ~ i rg4T (P i ~ Pi) , . m py _ 

f _ $y~(i+na) 87rT(Z ntt)' 

where p is the density of the liquid under 
test and n and m are constants. Tho value 
of » may be taken as Hi4 in all eases, and 
provided that the value of the second term 
in equation is small compared with that of 
the first, m may he assumed equal to unity. 
Whore high accuracy is required it is necessary 
that the value of in should be obtained 
experimentally by a series of viscosity deter¬ 
minations with different rates of flow. * 

§ (7) Modern Investigations. —In recent 
work, -however, .it has been found that no 
great difficulty is experienced in making an 
accurate measure of the pressure gradient 
along the pipe at a sufficient distance from 
the inlet, provided that the pipe is made of 
some substance which can be easily machined. 
In this method two line holes are drillod in 
the Avails of tho pipe at a known distance apart 
along the axis, groat care being taken to 
prevent a “ burr ” being formed In the inner 
surface of tho pipe where the hole passes 
through the Avail. Suitable nipples are 
screwed into the holes at the outer surface 
and flexible pipe commotions made, one to 
each side of a sensitive manometer. In this 
Avay when the (low is set up an accurate 
measure of the fall of static pressure of tho 
fluid between the holes is obtained. As it 
is known that the static pressure is constant 
across any section of tho'pipe, the intensity 
of the surface friction is easily calculated 
from the formula R -pa/Vl, where p is tho 


pressure difference per unit area indicated by 
the manometer and l is the distance between 
the holes and a the radius. 1 This method has 
recently been used at the National Physical 
Laboratory for tho determination of the resist¬ 
ance to iloAV of thick oils in pipes. As the 
method of obtaining the pressure gradient in 
the pipes in these experiments is novel, a brief 
description of it is given. 

The manometer used was one of the ('buttock 


type, tho principle of Avhieh is that the press¬ 
ure difference at the two ends of a U-tuhe 
is balanced by tilting the tube through a 
small measured angle so that the “ head ” 
due to the difference of level of the fluid in 
the two vortical arms of tho U-tuhe balances 
the external pressure difference, and no 
movement of the fluid through the I n he takes 
place. For the latter purpose a telescope 
is fixed to the tilting-table, the level of which 
is always adjusted so that the line of ctil- 
lunation passes through the surface of the 
manometer fluid, say water or mercury. It 
is, however, essential for the elimination of 
unknown forces due to capillarity that the 
ends of the manometer tube where‘the surface 
of tho fluid is situated should lie cup-shaped 
as shown in Fig. 2, and as the detection of 
the movement of such a large surface is a 
matter of some difficulty, tho device is adopted 
of introducing a second liquid, usually oil, 
which will not mix with the watoror mercury, 
into tho horizontal limb of the gauge, and tho 
hair-line of tho telescope is focussed on to tho 
meniscus formed by the common surface of 
tho two liquids. Tills is the usual device 
adopted for measuring pressure differences 
duo to tho Hoav of gases through pipes when 
the static pressure of the gas is small. Fur 
measuring the pressure drop in pipes convoying 
liquids and when the static pressure of the 
liquid is high, tho type of manometer illustrated 
in Fig. 2 is more convenient. This consists 


tv W-UUUF Hill'll 


centre of the haver cups, the space above the 
mercury being filled with salt water, In 
order to obtain a sharply defined surface of 
high, sensitivity as an indicator of the move¬ 
ment of the mercury, the right-hand cup is 
contracted to a small section and a second 
oup attached to it as shmvn. The upper end 
of this second cup is connected to a reservoir 
containing a transparent nil Avhieh will not 
mix with the salt water. A side connection 
to tho upper cup is connected with the ex¬ 
perimental pipe. Tho gauge is iilled so that 
the separating surface of the oil and water 
form a meniscus at, the extremity of the 
contracted part of tho hover oup, and on this 
the hair-line of tho telescope is focussed. The 
auxiliary glass-hulb fittings at tho sides are 
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introduced for convenience in filling the gauge 1 
and making sure that no bubbles of air are 
left in any part of tlie connections, and in 
order to obtain a short-circuiting device by 
means of which the zero of the gauge can be 
read oil without stopping the flow of liquid 
in tho pipe. For the latter observation the 
two taps in the experimental pipe connections 
are shut and the tap in the short connecting 
pipe opened. By this apparatus the frictional 
resistance to' flow was obtained in the case of 
thick oils of viscosity ranging up to 200 x 10~ 3 
in absolute O.G.S. units. 

§ (8) The Effect of Pressure on the 
Viscosity of Liquids. —In the ease of liquids 
of relatively low viscosity the variation in tlxe 
value of tho coefficient of viscosity with 
change of pressure is not very marked. The 
viscosity of water diminishes slightly for 
’pressures of a few atmospheres, and that of 
benzol and ether increases. Recent researches 
on the changes of viscosity of certain liquids 
when the pressure is carried to values as high 
as 1000 atmospheres have, however, shown 


3. s 


than 4 to 1. The remarkable character of 
the rate of rise of viscosity with pressure at 
the higher pressures will be seen from the 
curves in Fig. 3, 
which illustrate 
the results ob¬ 
tained for castor 
oil and a mineral 
oil. As this in¬ 
vestigation has an 
important hearing 
on the constitu¬ 
tion of liquids, a 
short description 
of the method 
used at the Na¬ 
tional Physical 
Laboratory for 
measurements of 
the coefficient of 
viscosity at high pressures is here given. The 
apparatus used for these experiments was de¬ 
signed for carrying out the tests by a method 
suggested by Dr. T. E. Stanton, and a diagram- 
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enormous increases in viscosity due to high 
pressures. Thus in the cases of alcohol, 
carbon bisulphide and ethyl alcohol, Pro¬ 
fessor 0. Faust of Gottingen has found the 
viscosity of these liquids at pressures of 
3000 atmospheres to he more than treble 
tho value at atmospheric pressure. In a 
recent research carried out at the National 
Physical Laboratory by Mr. J. H. Hyde, 1 the 
viscosities of mineral oils at a pressure of 1100 
atmospheres were found to have a value 
exceeding 10 times the value at atmospheric 
pressure, whereas in the ease of a vegetable 
oil such as rape, tho ratio was not higher 
1 Proa. Roy. Soc. A, xcvii. 


matic sketch is shown in Fig, 4. The instrument 
consists of a U-tube, the limbs A and B of 
which are connected together at their lower 
ends by a large bore tube and at their upper 
ends by a capillary tube C as shown. The 
whole is mounted on a frame supported by 
a knife-edge D, and so arranged that the left- 
hand side is heavier than the right. The lower 
half of the circuit is filled with mercury and 
the upper half with the liquid under experi¬ 
ment. The motion of the frame is governed 
by the extension of a spring S, to "which it 
is connected through the supporting arm E 
terminating in a pointer which moves over a 
finely divided scale. In making an experiment. 
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tlie tilting frame is set in such a position that 
the horizontal tubes are level and the scale 
is adjusted so that the pointer is at zero. 
A tilt is given, to the frame by moving the 
pointer vertically upwards, the taps T and P 
being open. The tilt causes a flow in the 
U-tube, and when this flow has ceased the 
taps are closed and the frame restored to 
its original position with the pointer at zero, 
the tension of the spring being adjusted to 
support the frame in this position. The head 
of mercury in the circuit tending to cause 
flow round it can be calculated from the 
motion which has been given to the pointer 
and from the distances DR and AB. If now 


obtained up to pressures of 1000 atmon 
maybe remarked that the construction o 
pressure viscosity apparatus presented 
practical difficulty when tiro pressures 
of the order of i000 atmospheres, neeesf 
use of liigh-tonsilo - steel for the parts m; 
pressure. For details of these and further 
data the original paper may be consulted. 

§ (9) Liquids op High: Vihowu 
method described above for Urn <> 
of the viscosity of fluids, by obse: 
known gradient of pressure and tli 
flow of the fluid through a pipe i 
dimensions, has obvious practical. li 
when the viscosity of the fluid 
high, say of the 
v = 100. 

A simple me Hu 
may be used in h: 
is to infer the vise< 
the observed stead, 
fall of a sphere in 1 



the tap T be opened, the 
liquid will flow through 
the capillary tube from 
A to B and the mercury 
from B to A. The spring is so designed 
that the displacement of the frame due to 
the flow of mercury from one vertical limb 
to the other is such that the head of mercury 
producing the flow remains constant, and 
it is clear that the fall of the frame as in¬ 
dicated hv the movement of the pointer over 
the scale gives a measure of the volume of liquid 
which passes from one side to the other. In 
this way the whole of the data required for 
the calculation of the coefficient of viscosity 
are available when the dimensions of the 
capillary tube are accurately known, and the 
value of /a is obtained from the formula (see 

§ < 3 )) 

_7t/)7i«‘ 1 T 
.' 

whore p is the density of the liquid, h the head 
of liquid, a the radius of the capillary tube, 
T the time in passing the volume of liquid V 
through the tube, and l the length of the 
tube. 

It will be seen that the above formula requires a 
knowledge of the variation in the density of the liquid 
with pressure before the value of the coefficient of 
viscosity can bo obtained. In the paper by Mr. 
J. H, Hyde referred to, a simple method is described 
by means of which the densities of liquids can be 


Fig. 4. 


?ho theory 
motion in l hi 
1 boon given b 
on the ass 
that the met 
may be nogiectei 


; + r . v a w> ote, 


in the equations (> 

^ = _ 1 _ 
r dt p ’ 'dot 
On this assumption the external {<; 
on the sphere is given by 

P = Cnr/xaU, 

where a is the radius of tlio splui 
the velocity of fall It has boon pi 
by Lord Rayleigh that tho assut! 
which this solution is based limits 11 
of fall to extremely low values, 
relation will not hold with fair 
unless Ua is small compared, wit’ 
motion at higher speeds than, this 
investigated by Williams. 2 

Another method which may be 
for liquids of high viscosity is the 
disc method first used by Maxw 
appears to be well suited for the d] 
practically important case of molten 

1 Collected Papers, 111. J. 

0 Phil. Mag. xxxvi, 854. 
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§ (10 ) Tuk Viscosity o'b 1 Solids. —As pointed 
out in the introduction to this article, the 
frictional resistance wlricli one part of a solid 
body oilers to the sliding of the other part 
over it is made up of two distinct phenomena : 

(1) the elastic distortion of the substance in 
which the work done is stored up as potential 
energy in the molecules of the body, and 

(2) the viscous distortion, the energy of which 
is converted into beat. It has been remarked 
by Lord Kelvin 1 that this distinction is not 
rigidly correct, since oven in the absolutely 
perfect elasticity of volume presented by 
homogeneous crystals dissipation of energy is 
an evitable result of every change of volume, 
because of the accompanying change of 
temperature and consequent dissipation of 
heat by conduction and radiation. It is, 
however, recognised that the loss of energy 
duo to tins cause is small compared with the 
whole loss of energy which occurs in many 
oases of the vibration of metals, so that the 
statement above may he taken as sufficiently 
accurate for most purposes. The usual method 
of studying the phenomena of the viscosity 
of metals is by noting the rate of damping of 
the torsional oscillations of long rods cairying 
a heavy mass at one end and fixed at the other 
end. The damping of the oscillations is said 
to bo more rapid in glass than in most of the 
elastic metals such'as copper, iron, silver, 
aluminium, but on the other hand the damping 
in the case of zinc and, india-rubber is more 
rapid, than in glass, In the experiments 
described by Lord Kelvin in the paper re¬ 
ferred to, it was found, as would be expected, 
that the loss of energy in a vibration was 
greater tlie greater the velocity, hut that the 
variation with speed was not nearly propor¬ 
tional to the velocity of deformation as in 
the ease of fluids. It would appear, there¬ 
fore', that tlie damping is not altogether the 
effect of viscous resistances of the ordinary 
typo which are proportional to the rates of 

strain. _ 

§ (11) Tins Lnthrnal Friction ot Fluids 
in T u kb env in NT Motion. (i.) Eddying Motion. 
—Before entering upon a discussion of the 
characteristics of the internal friction of fluids 
when the general motion is eddying or turbu¬ 
lent, a brief description of the methods of 
velocity estimation under these conditions is 
desirable for the reason that a measurement 
of the mean rate of flow of the fluid through 
any fixed element of surface taken ovei an 
appreciable time is a matter of fundamental 
importance in the practical determination^ of 
the frictional resistance. Since by definition 
a fluid in turbulent motion consists of a mass 
of eddies, it might be supposed that any 
determination of the kind under consideration 
would he meaningless as defining any physical 
i Proa. ll.S., 1865, xiv. 289. 


condition of the fluid, and this is probably 
true in such cases as those in which eddies, 
relatively large in size and slow in period, 
are thrown off from the projecting edges of 
bodies immersed in fluids moving relatively 
to them. It has been found, however, that 
in the majority of eases of fluid motion in 
which, turbulence is known to exist either from 
the fact that the critical speed 2 has been 
exceeded, or from the observations on the 
resistance to flow being greatly in excess of 
those due to streamline motion, the eddies are 
apparently of such small dimensions and of 
such high periodicity that any appreciable 
variation of the forces produced on an 
immersed body by 
the fluid over it 
ordinary methods, 
parallel channel 
through which air 
is in motion above 
the critical speed, 
a small open- 
mouthed tube be 
placed with its 
axis parallel to the 
axis of the channel 
and its other end 
connected to a 
sensitive mano¬ 
meter as shown in 
Fig. 5, it will be 
observed that if 
sufficient precau¬ 
tions are taken to 
eliminate external 
disturbances and. Fig. 5. 

irregularities of the 

mechanism causing the flow, the reading of the 
manometer remains perfectly steady. Further, 
if the pressure in the tube be accurately 
measured it will he found that its value exceeds 
that of the fluid itself by the quantity \pv\ 
where p is the density of the fluid and v is 
the mean speed of the fluid which would exist 
over the area occupied by the mouth of the 
tube if it were removed. The pressure of 
the fluid itself is usually called the static 
pressure, and in the case of a fluid in 
motion, either streamlike or turbulent in 
character, the static pressure at any point 
is the pressure at the boundary of any smooth 
solid surface containing the point and parallel 
to the direction of flow at that point. It 
is evident that the above relation between 
the dynamical pressure at the mouth of 
the tube and the static pressure affords a 
convenient method of determining the value 
of the mean speed of a fluid at any point 
in it. 

(ii.) The Pitot Tube.— In the case of the 
parallel channel, since it is known that the 
a See § (71), (in.). 


the turbulent motion of 
cannot be detected by 
For example, if in a 
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pressure is independent of the radius (see 
§ (3)), all that is necessary is to measure the 
difference in pressure between the open- 
mouthed tube facing the current, commonly 
called a Pitot tube, and that at a hole in 
the walls of the channel at the same cross- 
section, and equating this to §pv 3 , the velocity 
can be calculated. In this way the velocity 
distribution over the cross-section of a parallel 
channel may be determined and the total 
flow calculated by graphical methods. Com¬ 
parison of the total flow so estimated and that 
given by a discharge meter at the outlet of 
the channel has shown that the method can 
be relied upon to a high degree of accuracy. 
For cases in which the flow does not take 
place in a channel with parallel walls, it is 
necessary, for the purpose of obtaining the 
static pressure, to introduce an artificial 

boundary as close to the mouth of the Pitot 
tube as possible. One method of doing this 
is shown in Fiy. 6, which is an illustration 

of the standard in¬ 
strument used for 
velocity measure¬ 
ment at the National 
Physical Laboratory. 
Careful experiments 1 
with an instrument 
of this type moving 
in free air have 
shown that the 
velocity estimation 
obtained from it 


^To Manometer 
PIG. 6. 


when the pressure differences are measured on 
a manometer of the Chattock type have a 
limit of accuracy of one-tenth of one per 
cent. In the use of the instrument it is, 
of course, necessary that the density of the 
fluid at the point considered should be 
known, and in the case of a compressible 
fluid where considerable differences of density 
exist this may involve another experimental 
determination of some difficulty. 

The original use of the Pitot tube seems to 
have been for the purpose of measuring the 
distribution of velocity in rivers and canals. 
In this form it consists simply of a glass tube 
bent through a right angle and held vertically 
in the current, the height of the column of 
water inside the tube above the surrounding 
surface being noted. By this means the use 
of a static, pressure tube is avoided, but it is 
obvious that the velocity estimations must be 
of only an approximate nature. 

(iii.) The Critical Velocity .—It was first 
shown by Osborne Reynolds that, when a 
fluid was in motion through a parallel channel, 
there existed a critical value of the mean 
speed of flow at which the character of the 
motion changed from one of steady streams 

1 Report of Advisory Committee for Aeronautics, 
1912-13, p. 35. 


parallel to the axis of the channel to one of 
turbulence in which the whole of the fluid 
was broken up into a mass of eddies. The 
causes of the change in the type of motion 
will be discussed in greater detail in the 
subsequent sections of this article, but for 
the present purpose it is sufficient to remark 
that the change was found, to coincide with, a 
change in the law of frictional resistance to 
flow through the channel, the streamline 
motion corresponding to a resistance varying 
as the first power of tho speed, and the turbu¬ 
lent motion corresponding to a resistance 
varying nearly as tho square of the speed. 
In tho latter case, although the mean motion 
at any point when taken over a sufficient time 
is parallel to the sides of the channel, it is 
made up of a succession of motions crossing 
the channel in different directions. It is 
evident that in this case if -we are to adhere 
to the definition of tho coefficient of viscosity 
as tho ratio of tho shearing stress to the 
rate of distortion, i.e, that f-~y(dvldy), and, 
further, if v is taken to express tho mean 
motion taken over a sufficient time, then 
since / is known to vary as a power of the 
velocity greater than unity y must be a 
function of the velocity and must bo held to 
include the momentum per second parallel 
to the plane of shear, which is carried by the 
cross-streams through tho piano. 3 

(iv.) The Two ViacosUm,-— If, however, wo 
regard the above relation as expressing the 
instantaneous value of, the intensify of tho 
resistance at a point in tho fluid, wo must 
realise that dv/dy is tho instantaneous value 
of the rate of distortion, a quantity which wo 
have no means of measuring directly, and 
that then y. is independent of the motion and 
a physical property of the fluid. It appears 
therefore that, as pointed out by Osborne 
Reynolds, there are two essentially distinct 
viscosities in fluids. One is a physical 
property of tho fluid and is a measure of the 
instantaneous resistance to distortion at a 
point moving with the fluid, and the other is 
a mechanical viscosity arising from the molar 
motion of tho fluid and given by the relation 
f~-y'(dv/dy), where v is the mean motion at a 
point taken over a sufficient time, and yf 
is a function of v and probably also of tho 
distribution of the solid boundaries of tho 
fluid. 

That these characteristics are independent 
of each other, apart from the fact of tho 
dependence of the existence of the mechanical 
viscosity on tho physical viscosity, is shown by 
the striking fact that when the motion of a 
fluid is such that the resistance is as the square 
of the velocity, tho magnitude of tho resistance 
is independent of tho character of the fluid in 
all respects, except that of its density. 

1 Reynolds, Scientific Papers, 11, 230. 
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§ (12) Measurement of tiie Mechanical 
Viscosity.— In a research carried out .at the 
National Physical Laboratory in 1911, 1 the 
. characteristics of the mechanical viscosity 
of a fluid as affected by the speed and the 
dimensions of the channel in which the flow 
took place were investigated. The fluid 
used was air, which was forced through 
cylindrical pipes at speeds above the critical, 
and the distribution of mean velocity was deter¬ 
mined by means of a Pitot and static pressure- 
tube device of the kind described above. In 
order to simplify the investigation it was 
desirable that the resistance to flow should 
vary exactly as the square of the velocity of 
flow, in which case, as mentioned above, the 
motion would be entirely independent of the 
physical viscosity of the fluid. This condition 
was secured by a suitable roughening* of the 



Fig. 7. 

internal surface of the brass pipes used for 
the experiments. 

The distribution of moan axial speed across 
the section of the pipe was then measured, and 
a typical curve of distribution is shown in 
Fi;/. It will be seen that the distribution 
of mean axial velocity in the case of the turbu¬ 
lent motion is approximately parabolic from 
the axis up to a comparatively short distance 
from the walls, i.e. the equation to this part 
of the velocity curve can be written 

v=v c -A r 2 , . . • (1) 

where v c is the velocity at the axis, r is the 
radius at which v is measured, and A is a 
constant. 

It was also found that- for any section of 
the pipe the static pressure of the fluid 
was constant for all values of the radius, so 
that for any cylinder of fluid of radius r 
between any two sections distant l apart the 

1 Stanton, Proc. Roy. Soc. A, lxxxv. 


shearing stress on tlio outer surface would 
be given by 

$2vrl = (ih~ lh)-*r z 
.(Pi~Pz) r 
" ‘21 * ‘ 


/= 


( 2 ) 


where (pi~p a ) is tho fal1 of static pressure 
between the two sections, and / the intensity 
of shearing stress. The shearing stress in the 
fluid is therefore proportional to the radius. 

But from (1) it is seen that 

?=-2A r, 
dr 

so that the relation f=/j.'{dv/dr) becomes 
(Pj—p a )/2Z= — 2/r'A. 

Hence /ri, which is the mechanical viscosity, 
is constant across the pipe up to within a 
relatively small distance from the boundary. 

The next step in the investigation was to 
determine the dependence of on the rate 
of flow through the pipe. By taking a series 
of distributions of axial velocity at different 
rates of flow and plotting the values of «/«<, on 
a radius base, it was found that all the points 
lay on the same curve, indicating that in 
equation (1) «/» # = l-(A /v e ).r a the value of 
A/'W 0 was constant, i.e. that A was proportional 
to the speed at the axis, and therefore that 
the value of dv/dr for any radius was simply 
proportional to the velocity of flow. It follows 
that, since the shearing stress is proportional 
to the square of the speed of flow, (if must be 
proportional to the first power of the speed. 

Finally, a series of experiments were made 
with the object of determining tlio effect of 
the dimensions of the channels on the mechani¬ 
cal viscosity. For this purpose two pipes of 
radii %, a* were prepared, in which the surface 
roughnesses were geometrically similar, so 
that the intensity of the surface frictions was 
exactly proportional to the squares of the 
speeds of flow. On determining the velocity 
distributions in these pipes, and plotting the 
values of vjv 0 on a base of r/a, where “ a ” is 
the outside radius of the pipe, it was found 
that all the points fell on the same curve, 
whoso equation was 

v B or 

whore k was a constant. 

Now, if f, v f, 2 are the values of the 
surface frictions in the two pipes, ua.df t , /a the 
values of the internal fluid friction at corre¬ 
sponding radii r x and n, 


and 


fi 


A 

fn 


fn _ v n“ 

f$ 2 A2 2 

wo have therefore 
Ji ._ v °x r j _. ui (dv/dr) t _ lh'2vcih 
ft~Ve > 2 '(tfo/drja V 

Pi Vc\ • % 

or » 

/Tj ^02®2 


r 2 

"fh 


^ 2 " 

pf2v oj 
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i.e. the ratio of the mechanical viscosities in 
the two pipes is proportional to the product 
of the speed of flow and the diameter of the 
pipe. It appears therefore that the co¬ 
efficient of mechanical viscosity for flow in 
parallel channels in which the friction varies 
as the square of the speed may be written 
fi' = Icvd, where v is the speed of flow, d is 
the linear dimension of the channel, and h 
a constant depending on the nature of the 
fluid used in the experiments. 

Since the dimensions of y! are [M/LT] it. is 
evident that the dimensions of h are M/L , i.e. 
that k is proportional to the density of the 
fluid used, as would be expected from the 
statement in paragraph (10). 

§ (13) Eddy Viscosity. —The characteristics 
of the coefficient of eddy viscosity have also 
been investigated by Mr. G. I. Taylor in con¬ 
nection with atmospheric phenomena. 1 

Considering the interchange of momentum 
between consecutive horizontal layers of air 
in a steady wind due to the movement of the 
eddies in it, let U z and V z be the average 
horizontal components of wind velocity at a 
height 2 parallel to perpendicular co-ordinates 
x and y, and u', v', w' the components of eddy 
velocity, so that the three components of 
velocity are U z + vl, V z + v', and w', then the 
rate at which a;-momentum is transmitted 
across any horizontal area is 


p(U z + u')w'dxdy. 


( 1 ) 


Mr. Taylor then proceeds to consider a 
particular ease of disturbed motion, supposing 
the fluid incompressible, and the motion to 
take place in two dimensions x and z. 

If originally the fluid is flowing parallel 
to the axis of * with velocity U z , then after 
disturbance the rate at which momentum 
leaves a layer of thickness 5z is 


K/ J p ^ s + u ') w 'd' xc fy~J Sz ~ ^- 5z - * ( 2 ) 

But since U z is constant over the plane 
xy and there is no resultant flow across a 
horizontal plane 


//■ 


PU zw'clxdy=0, 


and therefore 



Further, since the motion is confined to 
two dimensions 9(U Z + u')/ds - dw'jdx =twice 
the vorticity at the point x, y, z, and since 
every portion of the fluid retains its vorticity 
throughout the motion, this must be equal to 
twice the vorticity which the fluid at the 
point x, y, z had before the disturbance 

i Phil. Trans. Roy. Soc. A, ccxv. 11. 


set in. This is equal to the value of dlJJih 
at the height z 0 of the layer from which 
the fluid at the point x, y, z originated, and 
therefore 


d\J z 

dz 


dz 


Zw' 
dx " 


It], 


(4) 


From this relation, together with the equa¬ 
tion of continuity, 


Zn' —n 

Z)X + 03 ' 


(B) 


equation (3) becomes 



dxdy. ((>) 


The first term of this expression vanishes 
when a largo area is considered, but the 
second term does not vanish. 

Expanding [dU z /d z ] Z() in powers of (s 0 - z) 
we have 



and therefore 


I 



,d 2 U z 
3 °“~' ffi 

(2 fl -Z)*#U 
+ .2. dz-' 



(7) 


and if (z 0 - z) bo of such a magnitude that the 
change in dXJJda in that distance is small 
compared with dlljdz itself, 

1=P C ^£{ jw'(z 0 ~z)dxdy, . («) 

and the rato at which the u;-momentum loaves 
a layer of thickness dz is 

f^ozj fw'(z 0 ~z)dxdy. . (0) 

The effect of the disturbance is thorefom 
to reduce the ir-momentum of a horizontal 
layer of thickness da at the rates /j(J) 8 U s /?)» 3 )S~ A 
(average value of ?//(z„-z) per unit area)* 
The same effect would be produced on a layer 
of thickness dz by a viscosity equal to /)>: 
(average value of w'(z 0 - z)) if the motion had 
not been disturbed. 

According to Mr. Taylor’s theory, therefore* 
when we wish to consider the disturbed motion 
of layers of air we can take account of tlu> 
eddies by introducing a coefficient of eddy 
viscosity equal to p x average value of 'io'(z () — a), 
and supposing that the motion is steady 
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(s,i - s) is tlio height through which the air 
has moved since the last mixture took place. 

The average value of w/(s 0 - z) can be 
expressed in the form $(wd), where d is the 
average height through which an eddy moves 
before mixing with its surroundings and w' 
roughly represents the average vertical velo¬ 
city in places where w' is positive. 

The movement of the air on the earth’s 
surface as affected by the eddy viscosity may 
be investigated as follows. 

As before, assuming tlio air incompressible, 
the equations of motion (see p. 345) may be 
written 


Dm. ^ 
IB 

r 1 dp , P' „ ■ 

Do v 
TK =i 

, 1 dp p' « 

r--^+^-v 8 » 

pdy p 

Dm) 

ib ~ ' 

, 1 dp , p' n 

‘ — s-H — v u w 
poz p v 


with the usual notation. 

Assume a constant pressure gradient G 
acting in the direction of y, The remaining 
forces arc gravity and those due to the earth’s 
rotation. 


Hence X = - 2 wu sin X' 

Y =2lqu sinX . . -(2) 

where u is the angular velocity of the earth’s 
rotation and X is the latitude, and 

p — k - gpz + Gy, where k =constant. 

Assuming the motion to be horizontal, equa¬ 
tions ( 1 ) become 

p' dhi 


0 = 


0 = 


2 ww sin X + 


,, . . G , p cl u v 

■ 2wu sm X-1- ~ • - 7 - 7 ,. 

p dz- 


p * cfe 2 ’ 

:4 
p 


Eliminating u wo have 

7 7 + — 0 , where 2 B 2 


_2up sin X 
v— A 2 e " 152 sin Bz -I- A 4 e ~cos B z, 


(3) 

(4) ' 

(5) 

( 6 ) 


or substituting in (4) 

G 

u — And ~ i ’’'' cos Ik- - k, x e.~ B2 sin Ik + 9 ^ 7 g~a- (7) 


At great heights, therefore, v = 0 and 

v '~'2p,'\V*~2up sin X’ ' * (8) 

i.a, u is independent of pi and is the value of 
the velocity calculated from the pressure dis¬ 
tribution, and is called the gradient velocity. 

The values of A a and A (1 are found as 
fallows: 

Assuming that at the surface 
dujdz __ii 
hv/dz~v* 


this becomes by substitution from the above 
relations 


_ /Ag + AA A a + (G/2//B 2 ) A 2 + Q g 
Va 2 -aJ- a., =— ST~' (9) 

where Q G is the gradient velocity. 

Again, if the wind at the surface he deviated 
through an angle a from the gradient wind 
in such a way that if one stands facing the 
surface wind the gradient wind will be coming 
from the right if a be positive. Then 


tan a = - 
and we have 



A 4 

A 2 + q g 


A. 


__ - tan a.(l +tan a ) 
1 + tan 2 a 

— ~ tan a(l - tan a) 


Qr 


1 +tan 2 
Now the surface wind 


Qoj 


( 10 ) 


Qs = v(M 2 + « 2 ) 2==0 
= n/A 4 2 + (A s -f Q g ) 
Qq 


' 1 - 1 - tan 2 a 


s / tan 2 a ( 1 - tan a ) 2 - 1 - (1 - tan a ) 2 


or Q 3 = Q 6 (cos a-sin a). . (11) 


This relation has been verified by direct 
observations made by means of pilot balloons, 
on Salisbury Plain by Mr. G. M. B. Dobson. 

Again, if H x be the height at which the 
direction of the wind coincides with that of 
the gradient wind, putting v — 0 we have 
A 2 sin BHi+A, cos BH x = 0 

or tan BH X = - 


and substituting for A 2 and A 4 

tan BH X = - =tan (a-~\ (12) 

i 1+tana \ 4/ 

Since a is positive and less than tt/ 4, the smallest 
positive value of H x is given by BH X = ‘iirji -|~ a. 

The height H 2 at which the wind velocity 
first becomes equal to the gradient velocity 
is given by u 2 + v 2 = Q a 2 , or 

l~ BHo _(1 + t an a) cos BH 2 - (1 - tan a) sinBH 2 
tan a 

(13) 

The relation between BH a , BH X , H x /H a , and a 
are given in the following table : 


a 0 . 

BID. 

BH X . 

Hx 

hV 

0 

•78 

2-35 

3-0 

10 

•91 

2-53 

2-8 

20 

1-04 

2-70 

2-6 

30 

1-20 

2-88 

2-4 

45 

1-44 

3-15 

2-2 


Mr. Dobson gives 800 metres/300 metres 
= 2-66 as the observed value of H x /H 2 for 
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a =20°, which is in very close agreement with 
the above calculation. 

Further, assuming a value for a of 20°, we 
have from the above table BIIj = 2-7, and sub¬ 
stituting in the relation 


/ cop sin \ 

: v 


fi' _ „ 2 io sin a 
7 _±ll “ 2-7 2 ' ' 


(14) 


Putting w=0-000073 and X=50° N., we have 
for the South, of England 


=Hi 2 x0-77 x 10~ 5 . 
P 


Taking the values of H x from Mr. Dobson’s 
paper, we obtain the following table : 


Wind. 

Hj in Metres. 

P 

Strong . . 

900 

62 x 10 3 

Moderate . 

800 

50 x 10 3 

Light 

600 

28 x 10 s 


II. The Nature op the Motion op Fluid's . 
over Solid Surfaces tangential to 
the Direction of Flow and the Char¬ 
acteristics of the Frictional Forces 
CONSEQUENT ON THE MOTION 

§ (14) Resistance to. Motion over a Solid 
Boundary. —The relations between the resist¬ 
ance encountered by a solid body moving 
through a fluid in which it is completely 
immersed, or by a fluid in moving over a 
fixed solid surface, can bo broadly divided 
into two classes. The resistance is either 
proportional simply to the relative speed of 
surface and fluid, or it is proportional to a 
power of the relative speed which is in the 
neighbourhood of 2. 

(i.) The Critical Velocity, Osborne Reynolds’' 
Law .—It is found that these two classes of 
resistance correspond to two definite states 
of internal motion of the fluid. When the 
elements of the fluid follow one another along 
lines of motion which lead in the most direct 
manner to their destination, the resistance 
is proportional to the relative velocity simply. 
When the particles of the fluid eddy about in. 
sinuous paths the most indirect possible, 
i.e. the fluid is in turbulent motion, the resist¬ 
ance varies nearly as the square of the speed. 
The transparency of most fluids renders it 
difficult to determine when a fluid is in steady 
or turbulent motion. Thus in the case of water 
passing through a glass tube it is quite im¬ 
possible by visual examination of the flow to 
determine which of the two states of motion 
is taking place. A simple method of demon¬ 
strating the nature of the motion of fluids 
and of the manner in which one state of motion 


will pass into the other was devised by Osborno 
Reynolds in 1883. 1 In these experiments 
a straight tube of glass 5 feet long and pro¬ 
vided with a trumpet mouthpiece was placed 
in a water tank 6 feet long, 18 inches dee]), 
and 18 inches broad in the manner shown 
in Fig. 8, and provided with a stopcock to 
regulate the rate of flow of the water through 
it. A small reservoir of coloured wator was 
placed above the tank with an outlet into the 
tank in such a position that a stream of 
coloured water could bo delivered at a very 
slow speed a few inches in front of the trumpet 
mouthpiece, with tire result that a streak of the 
colour could be drawn into the pipe when 
flow through it took place. The flow of 
colour was regulated by a clip on the india- 
rubber pipe connection. It was found that 
when the cock was slightly opened and a 
streak of colour allowed to enter the pipe with 
the water, no mixture of the two fluids took 
place, the streak exhibiting itself as a thin 



hand parallel to the axis of the pipe. As 
the discharge cock was gradually opened 
further it was observed that for some definite 
value of the velocity of flow, which was always 
the same, for the same temperature of the 
water, the whole of the colour band extending 
downstream from a point at somo distance 
from the mouthpiece would suddenly break 
up and mix with the surrounding water, so 
that this part of the tube became full of a mass 
of coloured wator. By further increasing the 
rate of flow the point at which the break¬ 
down occurred moved back towards tho 
mouthpiece, but it was not found possible 
by increasing tho flow to tho greatest extent 
possiblo to cause the break-up of the stream 
to take place at the mouthpiece. The signifi¬ 
cance of this effect will bo referred to later. 

As regards the conditions which determined 
the break-up of the steady motion, it was 
observed by Reynolds, from an examination 
of the equations of motion of tho fluid, that if 
the motion be supposed to depend on a single 
velocity parameter XT, say the mean velocity 
along the tube, and on a single linear para¬ 
meter c, say the radius of the tube, then 
the accelerations would be expressed in terms 
of 2 types; in one of which U 2 /c a is a factor 
and in the other yXJ/pct is a factor. Tho 
1 Phil. Trans. Roy. Soa„ 1883. 
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relative values of these terms depend on the 
value of the ratio cpU/g, and it would appear, 
therefore, that if the eddies were due to one 
particular cause the birth of the eddies would 
coincide with some particular value of this 
ratio. 

To test the accuracy of this conclusion, a 
large number of observations were made in 
the apparatus shown in Fig. 8 to determine 
the value of the velocity at which the steady ■ 
motion broke down in pipes of different 
diameters. 

For the purpose of obtaining the effect of a 
variation in the value of /x, the temperature 
of the water in the tank was varied between 
the values 5° 0. and 22° C. 

The results of the experiments fully corro¬ 
borated the conclusions drawn from the equa¬ 
tions of motion, the law of the critical point 
.being given by the equation v e dpl/j. = 300, 
where v c is the critical velocity of flow, i.e. 
the discharge per unit of time divided by the 
area of the pipe; d is the diameter of the 
pipe, and p. and p the viscosity and density of 
the fluid, all measured in some self-consistent 
system of units. 

(ii.) Effect of the Boundary —It was noticed, 
however, that the critical velocity was much 
higher than had been expected in pipes of 
the sizes used, since resistances varying as 
the square of the velocity had been found 
at much smaller velocities than those at which 
the eddies appeared in the tank experiment. 
Further, it was observed that the critical 
velocity was very sensitive to disturbance 
of the water before entering the tubes, and 
it was only by the greatest care as to the 
uniformity of temperature of the tank and 
stillness of the .water that consistent results 
were obtained. This showed that the steady 
motion was unstable for large disturbances 
long before the critical velocity was reached. 
As it appeared probable that the cause of 
this phenomenon was dependent on the 
boundary condition, the following experiment 
to show the effect on the motion of an elimina¬ 
tion of the solid boundaries was devised. A 
glass tube 5 feet long and 1*2 inch in dia- 
rnetei', having its ends slightly bent up as 
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shown in Fig. 9, was half filled with bisulphide 
of carbon and then filled up with water and 
both ends corked. The bisulphide was 
chosen as being a limpid liquid but little 
heavier than water and completely insoluble, 
so that the surface between the two liquids 
could be clearly distinguished. When the 
tube was horizontal the surface of separation 
extended along the axis of the tube. On 


one end of the tube being slightly raised the 
water would flow to the upper end and the 
bisulphide to the other, causing opposite cur¬ 
rents along the upper and lower halves of the 
tube. It was found that when one ond of the 
tube was raised quickly by a certain definite 
amount, waves showed themselves at the 
surface, of separation which presented the 
appearance of wind waves. Further, it was 
noticed that after the expiration of some days 
a skin formed slowly between the bisulphide 
and the water, and that when this was formed 
a repetition of the tilt did not result in the 
formation of the waves but in the production 
of eddies, below and above the surface of 
separation. It would appear, therefore, that 
there is a critical velocity independent of the 
boundary action, and that the introduction of 
a boundary condition alters materially the 
nature of the motion. This conclusion was 
confirmed by observing the effect of the 
wind on a surface of water calmed by oil 
drops. It was noticed that as the sheet of 
oil on the surface of the water drifted before 
the wind, there was distinct evidence of 
eddies in the water below the oil at some 
distance from the windward edge, but that 
without oil there was no indication of eddies, 
thus indicating that the boundary condition 
introduced by the oil was the cause of the 
eddies. There appeared, therefore, to be no 
doubt that the break-down of the steady motion 
in the straight pipes was due to eddies thrown 
off from the solid boundary, and that, conse¬ 
quently, eddies produced by any other cause 
sucli as a disturbance in the water would also 
tend to bring about the same result. Further, 
it follows that there must be another critical 
velocity which would be the velocity at which 
previously existing eddies would die out and 
the motion become steady. It was decided 
by Reynolds to test this conclusion by allowing 
water in a high state of disturbance to enter 
a tube and observing the motion at a distance 
from the inlet considered sufficient for the 
eddies to have died out if at all. 

Obviously the colour band method was 
useless for the purpose of settling this question, 
as the effect of adding colour to a mass of 
water in turbulent motion was to render the, 
whole of it uniform in colour. It was decided 
finally to investigate the changes in frictional 
resistance with speed, as it was thought that 
the speed at which the law of resistance 
changed from that of tho square to that of the 
first power of the speed might be sufficiently 
well marked to define a critical speed. For 
this purpose lead tubes of about 16 feet in 
length and a half-inch and a quarter-inch 
diameter were connected to a supply of water 
in such a way that the water entered the 
tubes in a high state of turbulence. The last 
I 6 feet of the tube was connected to a mano- 
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meter by small pipes leading from two holes, 
one at each extremity of the experimental 
length. The water flowing from the tubes 
was passed through a special meter, so that all 
the data for calculating the speed of flow and 
the frictional resistance were available. It 
was found that the critical velocity at which 
the motion changed from one type to another 
was very clearly marked, both by the violent 
disturbance of the water in the manometer 
when the critical velocity was reached, and 
also by the marked change of slope of the 
curve’ of resistance of which the ordinates 
and abscissae were the frictional resistance 
and the speed of the water. 

As was anticipated, the value of the critical 
speed thus found was considerably lower than 
that obtained by the method of colour bands, 
thus indicating that the critical 
speed in the latter case had a 
fictitious value. From the fric¬ 
tion experiments it was found 
that the real critical speed was 
given by the relation 
v B dp 


value of v e is always given by v 0 dpf/i = b, and 
R c from the streamline theory is known to bo 
equal to ipvjd, we have, by substitution, 


'I Ipd^ 
4 y a /c 


a relation which, according as n-1 or a 
value in the neighbourhood of 2 depending 
on the nature of the surface of the pipe, 
expresses the law of resistance for all sim 
of pipe and conditions of How of the fluid. 
The experiments of Reynolds on which these 
conclusions are based were carried out in 
smooth lead pipes of l - 27 and 0 , b2 <vm. 
diameter, and through a speed range of from 
3 to 706 • cm. per second, for the T27 uni. 
pipe, and from 7 to 400 cm. per second fur the 
0-02 cm. pipe. Further, a careful examination 


: 2000 . 
g 

(iii.) Reynolds' Index Law .— 

Reynolds’ method of presenting 
the results of the experiments cn 
was by means of plotting not 
the observed values of the re¬ 
sistance and speed, but the 
logarithms of these numbers. 

It was found that when this 
process was carried out for any 
particular pipe the resulting 
curve consisted of two straight 
branches, the lower one corre¬ 
sponding to observations below 
the critical being inclined at 
45° and the upper one at a slope to the axis 
of pressure of n to 1. These curves are shown 
in Fig. 10 for the case of the two lead pipes 
used. 

It was evident, therefore, that the law of 
resistance for speeds about the critical was 
not, as had been supposed, of the form 
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Log Resistance 

Fig. 10. ri, 

of Darcy’s very extensive experiments! on wutiv* 
flowing in pipes ranging from 1*2 cm. to 50 cm', 
in diameter did not show any systematic 
deviation whatever from the general relation 
laid down, and with very few exceptions* the 
agreement with the Reynolds formula was 
within 2 or 3 per cent. 


R=Aw 2 + Bu, 

but of the form R = Qv n . 

It will he seen later that this relation, 
known as the index law of resistance, is only 
approximate, but over the range covered by 
Reynolds’ experiments its accuracy is fairly 
high. 

A general law of resistance for pipes of all 
dimensions and rates of flow was obtained by 
Reynolds as 'follows. From the logarithmic 
plotting it appeared that R/R c — (?)/?; ( ,) n where 
R„ and R are the frictional resistances per 
unit area at the critical velocity and above 
it. But since hv Reynolds 5 discovery the 


III. Thu Determination m: Theory and 
Experiment oe the Fruition a i. Rkhi st¬ 
ance oe Sttreaoes to the 'Motion of 
Fluids over Them 

§ (15) Resistance to Motion oe a Roi ,m 
—The analytical investigation of the resistance 
encountered by a solid moving through a f luid 
is one of considerable difficulty. In. the early 
study of the problem, in order to simplify the 
treatment, the fluid was assumed Motionless, 
As this method led to the conclusion that the 
resistance was nil, in order to obtain results 
more in agreement with the known facts it 
was assumed that a surface of discontinuity 
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oxiHted in tl 10 fluid whose boundaries con¬ 
sisted partly of fixed plane walls and partly 
of HurfaooH of constant pressure. In this 
way the resistance of a plane lamina in a 
lluid, inclined to the direction of flow, was 
obtained hy Lord Rayleigh 1 in the form 
.It: r pAV a (w Hiu (t/4 4-ir sin a), where V is the 
velocity of I low and a the angle which the 
lamina makes with the direction of flow. In 
this expression the variation of the resistance 
with tilt! square of the speed has been verified 
by experiment, but in practice the value of 
' the numerical factor is modified by the 
existence of a “auction” at the rear of the 
lamina, which renders the calculated value 
too small. Broadly stated, the position as 
regards the possibility of solving problems in 
fluid resistance by the aid of mathematical 
analysis is that cases in which the motion 
of the lluid is “steady”-—i.e. streamline in 
characterare amenable to mathematical 
treatment, but that cases of turbulent motion 
are intractable, beoauBO no analytical method 
of treating the motion of a fluid which consists 
of a mass of eddies has yet been evolved. 
Since in practically all cases of importance 
the motion in the neighbourhood of the solid 
surface is turbulent in character, our knowledge 
of the resistance to the motion of solid bodies 
through Maids is largely empirical. 

§ (1(1) I’iunou’lu of Dynamical Similar¬ 
ity.'- 1 — Considerable progress lias, however, 
been made in the prediction of the resistances 
of mn>h large bodies as ships and aircraft by 
the carrying out of experiments on scale 
models of these bodies in accordance with 
the principles of dynamical similarity. Thus 
it has been shown by Lord Rayleigh 3 that the 
relation obtained by Reynolds for the case 
of the flow of water in parallel channels is 
only a particular ease of a general law of 
the resistance of bodies _ of geometrically 
similar shape immersed in fluids moving 
relatively to them, under the assumption 
that this resistance depends only on the linear 
dimensions of the body and on the velocity, 
density, and kinematic viscosity of the fluid. 
It, is further assumed that the geometrical 
similarity extends to those surface irregu¬ 
larities which constitute roughness.. If this be 
tiro case, the expression for the resistance may 
be written R = )cV a l b p B p. a , . . ■ (1) 

where R, is the resistance per unit area of the 
body, l is the linear dimension of the body, 
V is the velocity, p the density, and p the 
viscosity of the fluid, h being a dimensionless 

constant. , 

Now the dimensions of R are [M/Ll J, ana 
the dimensions of the right - hand side o 

1 ' Bavleigh, Scientific Papers, i. 291. 

* Hoe article “Dynamical Smulortby. 

» Philosophical Magazine, 1809, xlviu. Ail. 


equation (1) are (L/T) a (L) 6 (M/L 3 ) c (M/LT) 3 , 
and by the principle of dynamical similarity 
these must he identical, i.e. the indices of 
the respective units must be the same. 
Equating these we have 


l 


or 


so that 


a + b 
c — l-d. 


c + d — 1 
a + d = 2 

■3 c-d= - lJ 

b = ~d , a=2- 
g / M \a 


R = JcpY 


\pVl) 


or generally R=pV 2 E C~\ : 


( 2 ) 


(3) 


where E is a function of the one variable 
(Vl/v), v being the kinematic viscosity of the 
fluid. 

It should be observed that the demonstration 
of the truth of this relation is a matter for 
experimental investigation, as it is quite 
possible that some characteristic of the fluid 
or of its motion may have been overlooked 
in the initial assumptions, such as, for instance, 
the elasticity of the fluid. Comparing this 
relation with the experimentally determined 
relation of Osborne Reynolds (§ (14), (iii.)), 
which may he put in the form 


R 


=47c 


2 -n 


W 

we see that when ?i = l, i.e. when the flow is 
streamline in character, 

R _ iL 
pY 2 ~"VcZ’ 

l - e - F V v ) ~Vd’ 

■and that when n —1-75 as in the case of the 
turbulent flow of water through smooth pipes, 

»(?)-«- 
A somewhat more general treatment of the problem 
of the conditions for similarity of motion in fluids 
was given in 1873 hy Helmholtz, 4 of which the 
following sketch may be of interest. Considering 
two fluids of densities pi, p%, and kinematic viscosities 
v x> the conditions under which the motions of the 
two fluids are similar are determined thus. Taking 
the equation of motion of the first fluid as 

1 dp 


-•75 (y\ -25 

VwJ 


du du du du 

-=-w- +vr~ + w v 

p 1 dx dt dx dy dz 


f d 2 u d 2 u d 2 u\ 
l dx 2 ^ dy 2 dz 2 f 5 


( 1 ) 


and two similar equations, and writing 
v z =qv x , p 2 =rp lt 

then in order that these equations may be trans¬ 
formed into the equations for the second fluid 

1 dP dU TT dlI v dU dU 

-J t «-a +t, 5 + 's +w h 


fd 2 U J»U <PU.\ 
~ V2 \dX. 2+ dY 2+ dZ 2 S’ 


(2) 


4 Wissenschaftliche Abhandlungen, i. 158. 
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under the given conditions of similarity 
U=m u, V=nv, W=nw, 

it will he seen that multiplying (1) by « 3 /« the 
required transformation is effected if the changes 
in the scales of length, time, and pressure are 

X= ? a;, T=-?*, P=»V • ' W 

n n“ 

It follows, therefore, from the linear scale relation, 
that if l, L arc corresponding dimensions, of two 
tubes in which fluids of densities Pl , />* and^“two 
viscosities r 2> are flowing m order that the two 
motions may be similar, L = (r^/r 1 V), ue. VLM^ 

have the same value for each. Again from the 
navu uuc , . .. for similar 


widest range in the velocities of How, the 
linear dimensions of the surfaces, and the 
nature of the fluids used as could be 
obtained. 

The most convenient method of .securing 
these conditions, both as regards. range in 
the value of the above characteristics and 
accuracy in the measurements of the velocity 
of flow "of the fluid and the frictional forces 
consequent upon it, ' "was obviously that 
previously adopted by Reynolds, consisting 
in experiments on the flow through parallel.. 
pipes of circular cross-section. 

Adopting this method of working, a very 
complete series of experiments were carried 



motion the value of P/pV a is the same for each 
fluid. The investigation of Helmholtz loads, there¬ 
fore, to the same condition for similarity of motion 
as that deduced from the dimension method of Lord 
Rayleigh. It has been pointed out by Sir George 
Greenhill that the interpretation of Proposition 32, 
book ii., in Newton’s Principia leads to the same 
conditions. 

§ (17). Experimental Verification of the 
Rayleigh Formula. —An extensive scries of 
investigations were carried out at the National 
Physical Laboratory 1 during the years 1910- 
1915 to test the accuracy of the assumptions 
on which the Rayleigh resistance formula is 
based. These, experiments consisted of deter¬ 
minations of the intensity of the surface 
friction of fluids moving over geometrically 
rimilnT solid surfaces, so as to include the 

1 Phil. Trans. Roy. Soo. A, ccxiv. 


out with air, water, and thick oils as f ir*' 
fluids and with velocities of flow ranging from 
30 to 0000 cm. per second. For accurate 
comparison, as pointed out by Lord Rayleigh* 
the surfaces of the tubes should huvo boon 
precisely geometrically similar as. regard*! ; 
surface roughness, hut as this condition could 
not he fulfilled the experiments were all i 
made on commercially smooth - drawn bms-tH ; 
tubes. From the general agreement of the : 
results obtained with different pipes it whs ; 
not apparent that slight irregularities.in tln« 
respect had any marked effect on the resistance. 
The velocity of flow' was in all cases taken to I ■ 
the mean velocity across the section of Hio 
pipe. In the case of the pipes of. small ; 
diameter this was most conveniently estimate**! j 
by passing the whole of the discharge through i 
a meter and measuring the rate over a given j 
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time. Thin method 
of procedure was not 
possible for the large 
pipes, and in those 
(•uses the value of the 
velocity at the axis of 
the pipe was measured 
by means of a Pitot 
tube and then multi¬ 
plied by the ratio of 
the mean speed to the 
maximum speed. As 
this ratio was not 
constant for different 
speeds and. dimensions 
of pipe, it. was neces¬ 
sary to carry out a 
spe ei a l i nvesligation 
un the law of ita 
variation. This was 
done for the largo 
pipes by lilting the 
Pitot tube with a 
micromotor head so 
that it could bo tra¬ 
versed across tlio pipe, 
and a series of observa¬ 
tions made of the 
velocity at different 
distances from the 
axis. Tho value of 
the ratio was then 
found by plotting and 
mechanical integration 
in tho usual way. 

Tho values of tho 
ratio and- its varia¬ 
tion with tho value of 
V, lia m//i' are shown in 
FUj. 11, where V„ mx . is 
the velocity at the 
axis. It will be seen 
that for low values 
of V milv d/r the varia¬ 
tion is considerable, 
but that when V„„ lK d/a 
exceeds 100,000 it be¬ 
comes small. 

In all eases tlio 
value of the surface 
friction was calculated 
from the pressure drop 
along the pipe be¬ 
tween two sections 
Hullieiontly far re¬ 
moved from tho inlet 
of tho pipe for the 
velocity distribution 
across the pipe to 
have become uniform. 
The value of the press¬ 
ure drop was, in the 
great majority of oases. 
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measured by connecting two holes in the wall 
of the pipe, one at each section, with a tilting 
manometer of the Chattock type, by means 
of which pressure differences as low as one- 
thousandth of an inch of water can be accur¬ 
ately measured. For the experiments with 
water flowing through small pipes at speeds 
from 5000 to 6000 cm. per second, where the 
pressure drop to be measured was of the order 
of 50 lbs. per sq. in., specially calibrated 
Bourdon gauges were employed. These tests 
gave the highest value of vd/v obtained in the 
experiments—430,000—and the frictional re¬ 
sistance was as high as IS grammes per square 
centimetre. The whole of the results are 
shown plotted in Fig. 12, in which the ordinates 
are the values of R jpv 2 , and the abscissae 
the corresponding values of vd/v, where R is 
the surface friction per unit area, p the density 
of the fluid, and v the mean velocity of flow. 


I experiments above the critical speed, i.c. 
from {vd/v )~2500 to (vd/v) .= 470,000, with the 
exception of a few individual determinations 
due possibly to errors of observation, the 
variation of R jpv' 1 for either fluid in any of the 
five pipes from its mean value does not exceed 
2-0 per cent, so that the accuracy of the 
assumptions in the derivation of the Rayleigh 
law of resistance is fully demonstrated. 

There remained the comparison outlie same 
basis of the results of previous experimenters 
on the flow of fluids in pipes with tin mo ob¬ 
tained at the .National Physical Laboratory. 
These included the very elaborate investiga¬ 
tions of Darcy 1 on the water mains of .Paris, 
a very complete series of tests on the flow 
of water through drawn brass tubes by Haph 
and Schoder, 8 and the results of researches 
by Brix 3 and Stoekalpor ' 1 on the flow of air 
through lead and iron tubes. 



It will be seen that the curve consists of two 
branches connected by a narrow vertical band 
over which the points are somewhat irregularly 
spread. This band indicates the region of the 
flow between the break-down of the steady 
motion and the establishment of complete 
turbulence. The left-hand branch, correspond¬ 
ing with speeds below the critical value, is in 
very good agreement with the critical curve 
obtained from the hydrodynamieal formula 
for steady flow. 


For values of the speed of flow above the 
critical it will he seen that the inclination 
of the curve to the horizontal becomes 
gradually less as the value of vdjv increases, 
indicating that the law of resistance tends to 
become one in which the friction varies as 
the square of the velocity, and therefore 
independent of the dimensions of the channel 1 
and the temperature of the fluid. Through- 
out the whole of the range covered by the 


Unfortunately in some of those observations 
the temperature had not been recorded, so 
that the values of v could not be calculated 
with accuracy. 

The reduced results were plotted in the 
same manner as in Fig. 12, and the mean 
curves through them are shown in Fig. 13, in 
which the curve for the National Physical 
Laboratory experiments is also 'indicated'. In 
the case of Darcy’s experiments thoeurve l’nrtho 
largest pipe is distinct from that of the others, 
presumably indicating greater roughness of the 
internal surfaces, but the general characteristics 
of the curves are what would ho expected. 
For Reynolds’ experiments on two smooth lend 
pipes a mean line has been drawn which indi¬ 
cates a lower resistance than that found in the 
National Physical Laboratory experiments, but 
the agreement is quite satisfactory as regards 


vomtes rendutt, xxxvlli. 

Proc Am Soe. Oiv. ling., 1003,11. 263. 
a n p,nL rr M f ! 'J'> 1000, xvii, 305. 
Revue Untv. des Mines, vll. 257. 
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the character of the curve and the position 
of the critical point. The most satisfactory 
comparison, however, is possible with Saph 
and Sohodor’s results, since the nature of the 
surfaces in the two researches was probably 
identical. It will be soon that the two curves 
are nearly coincident throughout the whole 
range of the experiments, and indicate a very 
satisfactory agreement between the results of 
the two researches. For the comparison in 
the easo of air flow the amount of experimental 
data available was not large, and there are 
some discrepancies which are difficult to ac¬ 
count for. These, however, are confined to 
one series of observations on a small pipe 
and may bo due to an inaccuracy in the 
determination of its diameter. For the larger 
pipes the agreement is fair. 


It 1ms boon shown by Dr. 0. IT. Lees 1 that the 
relation between It//m 3 and vd/v indicated by the 
curve in Fig. 12 may bo expressed algebraically in 
the form 


or 


&-<H (T‘ 

r- / „ \ 0-35' 1.05 

B-p[0.°7Gls( 5 ) . - 


=0-0765 
-|-0-0009a 2 


It may be remarked from the final expression for 
E written above, that the Motional resistance will 
for all velocities he approximately proportional to a 
power of the velocity between the l-65th and the 
2nd, and that as the speed and diameter increase or 
the kinematic viscosity decreases the law of variation 
of the friction will approximate more and more 
closely to that of the square of the speed. This is 
in agreement with the experimental resalts obtained 
in tiro 1 - 26 - 011 !. pipe referred to above. It is shown 
by Lees that if for any reason a single power formula 
for the frictional resistance is desired the most 
accurate value of n in the formula 


R=Cn" 


is given by 


29-7, 


{854 


-(?y 


0.35 1 
/• 


It is also evident that as the resistance becomes 
more and more proportional to the square of the speed, 
tine to increase of the diameter or velocity, the effect of 
change of temperature becomes less important. Thus 
it has been observed by Maw for water that when the 
resistance varies as the l-8th power of the speed it 
decreases 0-6 per cent per degree centigrade, and 
when the resistance varies as the I-9th power it only 
decreases 0-25 per cent per degree. 

§ (1.8) Trail Accuracy oi? the Index Law.— 
Tim determination in these experiments of the 
frictional resistance of a 1-255-cm. pipe when 
the velocity ranged from 22 cm. per second, 
corresponding to the first commencement of 
eddying motion, to 3150 cm. per second, made 
possible a cheek, within these limits, of the 
accuracy of the well-lmown index law of 
resistance due to Reynolds and Froude. 


i Proc . R.S., 1914, A, xci. 


The results for the 1-255-cm. pipe were 
taken, and according to Reynolds’ method 
the logarithms of the friction and velocity 
from o = 40 to o = 100 cm. per second were 
carefully plotted. The points so obtained 
were found to be on a straight line whose 
slope was 1-72 to 1. Assuming a law of 
resistance R = Co” where n had this value, G 
was determined from the low speed observa¬ 
tions used for the evaluation of n, and a series 
of values of R were calculated up to a speed 
of 3200 cm. 
per second. 

Plotting these 
calculated 
values and 
those actually 
obtained in 
the experi¬ 
ments, the two 
curves in Fig. 

14 were ob¬ 
tained, from 
which it will be 
seen that by 
the use of the 
index law the 
resistance is 
underestimated by 5 per cent at 1000 cm. per 
second, by 8-5 per cent at 2000 cm. per second, 
and by 15 per cent at 3000 cm. per second. 

In order to show the manner of variation of 
n throughout the whole range of velocities 
obtained, the values of n were taken out by 
the Reynolds method at four different stages 
and were found to be : 

Velocity per sec. (cm.) . . 58 258 .900 2250 
Value of n from plotting . 1-72 1-77 1-82 1-92 

Similar results, showing a gradual increase 
in the value of n as the velocity of flow in¬ 
creased, were obtained by the reduction of 
the observations for the 0-712 and 1-255 cm. 
pipes, and it was, therefore, fully demon¬ 
strated that an index law for surface friction 
cannot be devised which will express the 
facts with high accuracy, except over a com¬ 
paratively small range in the value of vd/v. 
The importance of a realisation of this fact 
when predicting the skin friction of large 
bodies moving in fluids from observations 
on small-scale models of them in the same 
fluid will he obvious. 

§ (19) The Experimental Determination 
oe the Frictional Resistance op Thin 
Plates, (i.) Froude’s Experiments .—As pre¬ 
viously mentioned (§ (16)), the results on the 
frictional resistance to the flow of fluids in 
pipes, plotted in Fig. 12, are only applicable 
to' cases in which the velocity of the fluid 
at a given distance from the boundary is 
constant over the whole length considered. 
They are, therefore, not applicable to the 
prediction of the frictional resistance of any 



Velocity in Centimetres per second 
Flow of Water in Pipe 
7-555 Centimetres Diameter 


Pig. 14. 
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surface which includes that part of it over 
which the particles of fluid are being gradually 
retarded— i.e. the part in the neighbourhood 
of the leading edge of the surface such as, 
for example, the immersed surface of a ship. 
For the prediction of the skin friction of 
ships special experiments are necessary, and 
a large series of very important observations 


Recording pen 



was carried out by Mr. William Froude in 
1872-74. 1 These experiments were made in 
a water tank 278 feet long, 36 feet wide at 
the top, the depth of the water being 8 feet 
9 inches. The boards of which the frictional 
resistance was determined were about fVinch 
thick, 19 inches deep, the top edge being 
11 inches below the surface. The length 
varied from 1 foot 6 inches to 50 feet. 

The experimental apparatus (Fig. 15) con¬ 
sisted of a carriage running on rails fixed to 
the walls of the tank and capable of being 
drawn along at a uniform rate. A parallel 
motion suspended from the carriage carries 
the board, which is provided with a lead keel 
and a cut-water. The frictional resistance 
of the board is taken by the spring shown, 
the extension of which is magnified and trans¬ 
mitted to a recording drum on which a line 
is drawn whose distance from the base is pro¬ 


se that the abscissa of tins pound race is pro- 
nortional to the distance moved through and 
from a second record of, time intervals on 
the paper made by moans of an electric, clock, 
the data for calculating the variation ot resist ¬ 
ance with speed are available. 

In this way a series of resistance-velocity 
curves (Fig. 16) was obtained for each length 
of hoard, and from these a set of resistance 
length curves (Fig. 17) #‘>r tfiven speeds could 
be deduced. In the first set of experiments 
the latter curves dixl nob pass through the 
origin, but above it, showing that the resist,, 
anee was not zero lot" zero length, this was 
found to be due to the hlnutneHS of the how 
and stern of the bomi'd. tin shaping these to 
knife-edges it wan found that the curves 
passed through the origin. It was louiul, 
however, that the curves were not straight, 
but at all speeds wore concave to the base 



line, indicating that tlm resistance did not, 
vary as the length lout at a less rate. This 
result is duo to the font that the portions of 
the surface down - stream from the lea,ding 
edge are in contact with water whose motion 
relative to them is less than in the neigh¬ 
bourhood of the leading edge, and the frictional 
resistance of those portions is, therefore, less 
than that of the other portions nearer the 
edge. 

It was found that for a given plank the 
resistance varied as v n where "a was constant, 
for the particular plank, but in different 
planks depended on the length and quality 
of the surface. Tho value of n is found by 


Tabli I 


Length in feet 

2 

8 

20 

60 


n. 

/. 

n. 

/. 

n. 

/. 

11. 

/. 

Varnish 

2-00 

0-0041 

1-85 

0-0040 

1-85 

0-00393 

1-83 

0.11037 

Paraffin 

1-95 

0-00426 

1-94 

0-0036 

1-93 

0*00318 

• t * 

, f 

Tinfoil . . . 

2-16 

0-00208 

1-99 

0-00284 

1-00 

0*00331 

1-8.3 

0.00304 

Calico . 

1-93 

0-0102 

1-92 

0-00764 

1-89 

0*00685 

1-87 

0.IHK139 

Fine sand 

2-00 

0-0090 

2-00 

0-00626 

2-0 

0*00534 

2-00 

(M)0>:!88 

Coarse sand . 

2-00 

0-0110 

2-00 

0-00714 

2-0 

0*00588 

.. 



nortional to the resistance. The drum is 
connected by gearing to the carriage-wheels 

1 British Association Reports, 1872-74. See also 
“ Ship Resistance,” § (8). 


the Reynolds method of logarithmic) plotting 
previously described. Very approximately 
the results could be expressed by tins formula 
R =fSv n , where S ia tho area <j£ the immersed 
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surface and v is the speed in feet per second. 
The value of / was found to depend on 

(1) The quality of the surface. 

(2) The length of the surface. 

(3) The temperature of the water. 

(4) The density of the water. 

The values of n and / deduced from the 
curves are given in Table I. 

§ (20) Estimation of the Friction of 
Plates from the Changes in Momentum of 
the Fluid passing over them. —The experi¬ 
mental determination of the frictional resist¬ 
ance of the surfaces of thin plates immersed 
in a fluid by means of a direct measurement 
of the amount of the tangential force experi¬ 
enced by the plate itself, as in the case of 
Froude’s experiments, is attended with con¬ 
siderable difficulties which render any accurate 
investigation of the variation of the intensity 
of the resistance almost, impossible. These 
are due to the smallness of the force to be 
measured, the difficulty of obtaining a thin 
plate of the required rigidity, and the uncer¬ 
tainty of the large corrections which have to 
be made in taking account of the resistances 
of the supporting spindles. For this reason 
considerable attention has been given to the 
possibility of an estimation of the frictional 
resistances from the changes in the character¬ 
istics of the fluid which are the necessary 
effects of the forces exerted, i.e. to the changes 
of momentum of its molecules. One experi¬ 
mental method of this nature has already 
been discussed in some detail in describing the 
common device for measuring the frictional 
resistance of the surface of a parallel channel 
from the fall of pressure of the fluid between 
two given points in its axis. The essential 
feature of this method, however, is that it 
is only the changes in molecular momentum, 
or pressure, which are measured, and that 
the molar momentum of the fluid entering and 
leaving the two sections is the same. This 
method is, therefore, inapplicable, as has 
been previously mentioned, to any case in 
which the accelerations of the fluid due to 
the first impingement of the streams against 
the solid body have not died out, and is, con¬ 
sequently, valueless for predictions of the 
frictional resistance of air or water craft. 

An extension of the method to take into 
account the changes in molar momentum has 
recently been attempted in an investigation 
of the frictional resistance of thin plates 
in a current of air at the National Physical 
Laboratory, and, as the results appear to be 
promising, a brief description of the manner 
in which the problem has been attacked 
and the results obtained will be given. 

In Fig. 18 let 0 be the leading edge of the 
plate, OA the length whose frictional resistance 
is to be determined, OE and AD the traces of 


planes through 0 and A perpendicular to the 
direction of flow of the air, and ED the trace 
of a plane parallel to the plate and at such a 
distance from it that the flow along ED is 
unaffected by the presence of the plate. Let 
V 0 be the veiocity of the air impinging on the 
edge, of the plate and supposed uniform over 


E D 



OE, and let V be the velocity of the air in 
any layer of thickness clz parallel to the plate 
and distant x from 0, i.e. in the section AD. 
Then, considering the changes of momentum 
in the layer of unit width perpendicular to the 
plane of the paper passing though the section 
AD, we have 

Change in molecular momentum = (p - p 0 )dz 
where p is the pressure at AD. 

Change in molar momentum = (mass passing 
through the extremity of the layer in AD) 
(V 0 -V) = {pV(V 0 ~V)}c?z. 

Therefore the total change of momentum in 
the layer is 

!p 0 ~p + pVV 0 -pV*\dz, . . (1) 

so that if R is the mean frictional resistance 
per unit area and we consider a strip of the 
plate of unit width perpendicular to the plane 
of the paper and x is the distance OA, we have 
for the frictional resistance of strip 

xR= f {po-p + pVV 0 -pV*}dz. . (2) 

JAT> 

I-Ienco if the values of p Q , p, and V 0 V for the 
various layers are known the value of the 
frictional resistance can be determined by 
graphical integration. Now p and p Q are the 
static pressures of the fluid, and a separate 
determination of their values or even of their 
difference is a matter of some experimental 
difficulty. The expression (1) can, however, 
be thrown into a form suitable for experi¬ 
mental evaluation if written as follows : 

afft = J AJ) •[ (Vo + W)" (P + l/'V 2 ) 

-|(Vo-V)®]ds. (3) 

Here the expression (.'/) +JpV 8 ) is the total 
head of the fluid and is the actual pressure 
which is maintained in a Pitot tube facing a 
current of fluid. The determination of the 
skin friction is therefore seen to involve the 
measurement of the difference in pressure of 
two Pitot tubes, one placed in the section OE 
and the other at various points in AD suc¬ 
cessively, together with the variation of the 
velocity with distance from the surface at the 
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section AD. As the third term in (2) is 
relatively small, the accuracy required in the 
determination of V is not. high. 

In the practical application of the above 
formula, it should be noted that one essential 
condition is that the reduction in the value 
of the total head (p + ^pV 2 ) of the air pass¬ 
ing the plate should be entirely due to the 
frictional resistance of the plate and not 
affected by the presence of the walls of the 
wind channel in which the plate is suspended. 
In all experimental determinations, therefore, 
the plate should be removed and a measure¬ 
ment made of the fall, if any, in the value 
of the total head, by noting the difference in 
the pressures of the two Pitot tubes. If any 
difference is found to exist, this must be used 
as a correction to the subsequent readings 
when the plate is in position. 

In the experiments at the National Physical 
Laboratory a pair of fine Pitot tubes were 
attached to the arm of a rocking-lever in such 
a position that their axes were in the same 
straight line parallel to the axis of the plate. 
The rocking-lever was operated by a micro¬ 
meter screw so that the distance of the Pitot 
tube axis could be set to any desired position. 
The position of the leading tube was 2 inches 
in front of the leading edge of the plate and 
that of the back tube 2 inches behind the 
back edge of the plate. 

Readings of the pressure differences in the 
tubes and the difference in pressure between the 
back tube and the static pressure of the fluid 
at the back tube were taken at successive 
intervals of -025 inch from the surface of 
the plate up to the distance at which the 
differences in pressure were negligible, i.e. the 
total pressure head of the air flowing past the 
plate was unaffected by the presence of 
the plate. The differences in the values of 
the total heads and of o(Y n — V) 2 were then 
plotted on a distance base and the areas of 
the resulting curves determined by a plani- 
rneter. The values of the above integrals 
multiplied by the width of the plate b are 
given in Table II., in which are also tabulated 


It will be seen that the results given by the 
method described are probably in good agree¬ 
ment with the results of direct weighings, 
when consideration is taken into account of 
the falling off in resistance at the long edges 
of the plate. 

A research on the distribution of the in¬ 
tensity of skin friction is in progress at the 
National Physical Laboratory. The results 
obtained show that tho “ wake ” effect in skin 
friction is much smaller than lias recently been 
supposed, and in this respect tend to agreement 
with the older experiments of YV. Kroude. 

§ (21) Ekitbot of Curvature ok Hukk.aoiw 
on Frictional Resistance, —It may bo 
remarked that the experiments of which the 
results are plotted in Fiff. 12 were all made, on 
straight lengths of pipe, and that there is some 
evidence that curvature) of the streams in 
the direction of flow has a marked: effect both 
on the value of the critical velocity and the 
law of resistance with speed after the critical 
velocity has been exceeded. This effect was 
apparently found in Grindloy and (iilwon’s 
experiments on a long length of pipe 0*32 cm, 
internal diameter which was coiled round a 
drum of 36 cm. diameter. In these experi¬ 
ments the critical velocity was found to lie as 
low as 60 cm. per second, corresponding to 
a value of vd/v of about 130. For velocities 
between 60 and 1200 cm. per second the law 
of frictional resistance wan of the form 

R = 0r 1 ’“ 5 . 

It may bo remarked that oven at the highest 
speed attained, in these experiments the Rey¬ 
nolds criterion vd/v =2000 was not attained, 
so that it is quite possible that in the event of 
observations at still higher speeds being made 
the results would have agreed with that part 
of the curve of Fig. 12 above the critical. 

It is possible, of course, that tho true value 
of the critical speed found .in these experiments 
might be due to other causes than the curva¬ 
ture of tho pipe, but in view of the accuracy 
in the reduction of the value of the eoeflieiont 
of viscosity for air from the observations there 


Table II 


Wind Speed. 
Ft.-sec. 

(1). 

bfj<.lh+ipVa‘) 

- (?) + Ip V Did¬ 
in Dynes. 

(2). 

b/P'-V)'** 

in Dynes. 

CL), (2). 

Dynes. 

Menminul RvHiHlnnco 
of Plate by 

Direct Wcltrlilng. 

30 

1390 

90 

1300 

1 100 

50 

3980 

310 

3670 

3470 


the measured resistances of the plate when 
attached to a sensitive balance arm and 
weighed directly. 


is a strong probability that such was the real 
cause of the effect noted. 

An interesting series at experiments ill us- 
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trating the effect of curvature of parallel 
boundaries have been made by Mr. A. Mallock. 1 
In these experiments the fluid was placed 
in the annular space between two concentrio 
cylinders, one of which revolved, the other 
being stationary. The frictional resistance 
of the surface was measured by measuring 
the moment on the stationary cylinder which 
could be either the inner or the outer one. 

Three distinct sets of conditions were tried, 
i.e. (1) outer cylinder revolving, inner cylinder 
stationary ; (2) inner cylinder revolving, outer 
cylinder stationary; (3) repetition of series 
(1) with an annulus of different width. 

The arrangement of the apparatus for the 
tests on series (1) is shown in Fig. 19. 

The inner cylinder A is suspended by a 
torsion wire attached by a gimbal ring to the 
shaft B, which carries a 
divided circle read by a 
telescope T. E is the 
outer cylinder carried on 
the shaft F, which is 
driven by a motor pro¬ 
vided with a speed regu¬ 
lator. A is filled with 
water and E is water 
jacketed, the temperatures 
of both , being observed 
and the temperature of 
the fluid in the annulus 
taken as the mean of 
these. The cylinder A 
has its floor about half an 
inch from the lower edge 
of the wall, and the space 
so formed is filled with 
air. Further, by means 
of a ring of the same 
diameter as A fixed to the 
cylinder, and by filling the 
annular space between the ring and cylinder 
with mercury, there is comparatively no drag 
on the water in the annulus due to the bottom 
of the outer cylinder. 

In the case of the first series of experiments, 
with the outer cylinder revolving and the inner 
one stationary, the results were similar to those 
obtained in straight pipes, i.e. the friction was 
proportional to the speed up to a certain 
critical velocity, at which the motion broke 
down and steady readings of the friction were 
impossible to obtain, the conditions becoming 
steady again at higher values of the speed. 
This is shown in Fig. 20. The results, however, 
differed fundamentally from those obtained 
in straight pipes in that 

(a) The critical velocity was not proportional 
to the value of the coefficient of viscosity, i.e. 
its value did not conform to the theoretical 
condition v e ljv constant. 

Thus, comparing the results obtained with 
1 Phil. Trans. Roy. Soc., 1890, p, 14. 
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water at 50° C. and 0° 0., the viscosity of 
water at 50° 0. is only one-third of its value 
at 0° 0., and it cvoukl be supposed therefore 
that the critical velocity at 50° would be 
one-third of its value 
at 0°. It was found, 
however, that insta¬ 
bility began at the g 
former temperature § 
at a speed only 11 !a 
or 12 per cent less “ 
than at the latter. 

( h ) It was found, 
that at speeds above 
the critical the fric¬ 
tional resistance 
varied as a power 
of the speed of the 
order of 2-4, whereas in Reynolds’ and 
Fronde’s experiments with flat boards and 
pipes the exponent was about T8. 

Values of the coefficient of viscosity deduced 
from the low-speed experiments in series (1) 



Temperature 
TIG. 21. 

were found to he consistently higher than the 
true values. The experiments of series (3), in 
which the width of the annulus was only half 
an inch, gave values of /x, which were nearer 
to the true value. Previous experiments by 
Mr. Mallock, by the 
same method hut in 
which the distance 
was only about in., 
gave values of (i 5 
closely approximating 5 
to the true value, so •§ 
that there is no doubt 
that the discrepancy 
is clue to the thickness 
of the annulus. The 
results are shown in 
Fig. 21. 

In the experiments 
with the inner cylin¬ 
der revolving and the 
outer cylinder fixed, the motion was essentially 
unstable at all speeds, and no value of the co¬ 
efficient of viscosity could be deduced. The 
results from this method are shown in Fig. 22, 
and indicate that the conditions of flow approxi¬ 
mate more closely to the eddying flow of fluid 
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in straight pipes in that the friction varies as 
a power of the speed of about I’8, and the 
measured value of the resistance per unit area 
at 10 feet per second was roughly that obtained 
by Mr. Froude in his experiments on planks. 

§ (22) Possibility of an Increase in 
Resistance caused by a Reduction in 
Viscosity. —In the practical application of 
the results of the experiments embodied in 
the curve of Fig. 12, it must be remembered 
that there was one important condition which 
was fulfilled in every case, which was that 
the observations were not taken until the 
distribution of speed across the section of the 
pipes had become uniform, i.e. all accelera¬ 
tions parallel to the axis of the pipes had 
ceased. It was found by trial that this 
condition was not' fulfilled until a distance 
along the pipe from the inlet of about 100 
diameters was attained. The results of the 
experiments are therefore not applicable to 
the prediction of the intensity of surface 
friction of the part of the tube in the neighbour¬ 
hood of the inlet, when the layers of fluid in 
the neighbourhood of the surface are gradually 
reduced in speed owing to the frictional drag 
of the surface. 

Further, although it might be expected 
that, in the case of solid surfaces of shapes 
other than those of parallel channels, the 
phases of flow would correspond with those 
observed in pipes, i.e. there would be a phase 
of streamline flow in which the resistance 
would vary as the first power of the relative 
speed, a critical velocity at which this form 
of flow would break down and a subsequent 
condition of turbulent motion in which the 
resistance would vary approximately as the 
square of the speed, it cannot be assumed that 
the form of the resistance curve will be similar 
to that of Fig. 12. For example, throughout 
the whole range of the turbulent motion 
covered in Fig. 12 the value of R /pv a falls 
continuously as vcl/v increases. Suppose this 
increase is due to an increase in v from v 1 to v 2 , 
v remaining constant. Then it is clear that 
Rj/Rj increases at a less rate than (vjvj)*, 
or Ro/R 1 = (« a /«i) n , where n is less than 2. 
Suppose, on the other hand, that the increase 
in vd/v takes place by a reduction in the 
value of v from v x to v 2 , v remaining constant. 
Then evidently R 2 is less than R* and we 
conclude that throughout the whole range of 
turbulence covered in Fig. 12 a reduction 
in viscosity is accompanied by a reduction 
in frictional resistance. Very conclusive 
evidence has, however, been found that in 
some cases of the resistances of bodies 
immersed in fluids the value of R//m 2 increases 
with increase of vd/v. It is evident that, in 
such cases, since the increase in vd/v may 
take place by a reduction in the value of v, 
v remaining constant, and therefore R 2 being 


numerically greater than R u a reduction in 
viscosity will be accompanied by an increase in 
the frictional resistance. Further, since in such 
cases R 2 /R 1 = (v.Jv 1 ) n , where n is greater than 2, 
the criterion of such an effect will be a* resist¬ 
ance varying as a power of the speed greater 
than 2. The following are some examples. 

(a) Ffiction in Smooth Pipes. — As was 
mentioned in the description of Reynolds’ 
experiments, it is usually found that over the 
region intermediate between turbulent and 
steady motion the friction conditions are so 
unsteady that consistent readings at any 
given speed are impossible. In some observa¬ 
tions with-a small pipe of & in. diameter, at the 
National Physical Laboratory in 19.13, it was 
found, however, that the change from stream- 
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line to eddy motion took plaoo very gradually, 
and that it was possible to obtain a scries of 
consistent readings of friction and speed over 
the range of speed between the two conditions 
of motion. The results are plotted in Fig. 23, 
in which the ordinates are tho losses of head 
in feet of water over the fixed length of pipe 
under observation and the abscissa,o are the 
corresponding values of the discharge in 
gallons per second, i.e. the curve shows tho 
variation of the surface friction with the 
speed of flow. In the lower curve is shown 
the value of n in the relation R ~hv n obtained 
from the upper curve, in tho ordinary manner 
by logarithmic plotting. It will bo soon that 
at very small values of the velocity the friction 
is proportional to the speed, find that at high 
speeds it varies nearly as the square of tho 
speed. Between these points indicated by AB 
a.nd Cl) in Fig. 23 is the section BC repre¬ 
senting the flow at intermediate stages of 








FRICTION 


369 


turbulence, where, as shown by the lower 
curve, the resistance varies as a power of the 
speed which may be as high as 3-5. This 
evidence confirms the general reliability of the 
portion of the curve in Fig. 12 in the neigh¬ 
bourhood of the critical point. 

(b) The Resistance of Spheres. — At very 
small velocities the total resistance of a 
sphere is given by Stokes’ formula, 


= 3 ir~ 


JL 

where l is the diameter of the sphere 
and v its velocity relative to the fluid at a 
great distance away from it. Experiments at 
higher values of vl/v have been made by M. 
Eiffel 1 in a wind-channel and by Mr. Shake¬ 
speare 2 by dropping weighted spheres down a 
tower and observing the terminal velocity. 
Mr. Shakespeare states that over the range of 
his experiments the resistance increases more 
rapidly than the square of the speed and more 
rapidly than the square of the diameter. 
The experimental results are shown plotted 
in Fig. 24, which, it will be seen, bears a 
marked resemblance to that for resistance 
in pipes with the exception that the part 
corresponding with values of n greater than 2 
occupies a greater proportion of the whole 
experimental range. The part of the curve 
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JIC (Fig. 24) corresponds with the centre 
portion of Fig. 12. 

(c) The Resistance of Cylinders. —This sub¬ 
ject has received considerable attention owing 
to the importance of a knowledge of the 
resistance of wires in aircraft rigging. A 
very full account of the experiments will be 
found in the Report of the Advisory Committee 
for Aeronautics, 1912-13, p. 126, and in Fig. 
25 the mean curve of the results is reproduced. 
It will be seen that that part of the curve 
over which ’R/pvH 2 increases with the value 
of vljv, thus indicating a diminution of 


1 La Resistance, cle V Air. 

2 Brit. Ass. Rep., 1913. 


resistance with increase of viscosity, is now a 
large fraction of the whole curve, and consti¬ 
tutes perhaps the most important evidence 
of the effect. 

It would appear, therefore, that the exist¬ 
ence of particular states of Hoav in fluids, in 
which an increase in viscosity is accompanied 
by a reduction in resistance, has been fully 
demonstrated. The precise explanation of 
the phenomenon is not clear, but there 
is a strong pro liability that the increase in 
viscosity has the effect of reducing partial 
and already existing turbulence, and thus 



procuring a reversion to the conditions of 
streamline flow. 

§ (23) Direct Measurement oir Frictional 
Resistance from Velocity Slope at the 
Boundary. —From the preceding discussion 
of the practical methods which can bo used 
for the measurement of skin friction in 
turbulent motion, it will be seen that any 
accurate determination of the intensity of 
skin friction on a small area of a surface 
over which the variation is considerable is a 
matter of considerable difficulty if not 
altogether impossible. Up to the present, 
success in the measurement of skin friction 
has only been attained in tboso cases in 
which the accelerations of the fluid in the 
direction of flow have died out, such as the 
flow of fluids in long pipes. Unfortunately 
the problems of skin friction, which are of the 
greatest importance in practice, such as the 
determination of the frictional resistance of 
ships and aircraft, are those in which the 
velocity of the fluid is continually changing, 
and it does not appear that tho solution of 
these problems can bo hoped for unless the 
conditions at the boundary of a fluid in turbu¬ 
lent motion are known, and several attempts 
to investigate these conditions have recently 
been made. Such advances as have been 
made in the knowledge of tho boundary 
conditions of a fluid in turbulent motion 
have been obtained, as would be expected, 
from a study of the conditions of flow in 
parallel pipes. In such flow it is generally 
accepted that when the speed is below the 
critical, the layer of fluid in contact with 
the boundary is at rest relative to it, as any 
slipping of finite amount would be detected 
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in a variation from the Poiseuille law of the 
relationship between the diameter of a pipe 
and the time of efflux of a given volume of 
fluid. At speeds above the critical, observa¬ 
tions near the walls have shown that the 
mean velocity falls rapidly as the solid 
bounding surface is approached, and it has 
been suggested that at the walls there may 
exist a thin layer in which the flow is laminar 
in character, in which case, if there is no 
slipping, the frictional resistance would be 
determined from the slope of the velocity 
curve in the surface layer and the coefficient 
of viscosity of the fluid. Several attempts 
have been made at the National Physical 
Laboratory to obtain evidence as to the 
truth of this assumption, and a series of experi¬ 
ments were carried out in 1920, 1 the results 
of which afford strong evidence that such a 
layer exists. The method adopted was to 
set up a condition of turbulent fluid motion 
over a surface of which the frictional resistance 
could be accurately determined and to measure, 
by means of a very fine Pitot tube, the velocity 
of the fluid at a point as near the wall as 
possible. The difficulties of using a Pitot 
tube under such conditions were: (a) that the 
pressure indications of the Pitot tube might 
be considerably affected by an interference in. 
the flow in the neighbourhood of the boundary 
due to the presence of the tube itself; and 
(6) that when such a tube was placed in a 
current of fluid in which the variation of 
velocity across the mouth of the tube was very 
great (amounting in the extreme cases when 
the tube touched the walls to several hundred 
per cent of the mean speed), it was by no means 
certain that the value of the speed deduced 
from the pressure in the Pitot tube would be 
the actual speed at the geometrical centre of 
the tube. The Pitot tube, which was finally 
adopted for the work, was one of which the 
external dimensions at the orifice were 
0-1 x 0-8 mm. and the internal dimensions 
0-05 x 0-75 mm. This was set up in a pipe 
of 0-714 cm. diameter, through which a current 
of air was passed by means of a centrifugal 
fan, and observations of the Pitot tube pressure 
were taken over as wide a range in the mean 
rate of flow through the pipe as possible. 
At the same time the corresponding slopes of 
the static pressure gradient down the pipe 
were accurately determined. From the latter 
measurements the values of the surface 
friction of the walls for different rates of flow 
were calculated. The Pitot tube observations 
were then repeated for other distances of the 
tube from the walls. For each distance a 
curve of speed variation with surface friction 
was plotted, and from these curves it was 
possible to scale off, for any given value of the 
surface friction, the speeds corresponding to 
1 Proc. Roy. Soc. A, xcvii. 413. 


the different distances of the Pitot tube from 
the walls and so plot a curve. Hlmwiug^.tlio 
variation of speed with position of. 1 Hut 
tube. These curves are shown in : ’ () - 

In the same figure arc shown in clotted linos 
the velocity slopes which would exist at the 
boundary if the flow were laminar. . These 
arc calculated from tho known frictional 



resistances and the values of tlio coefficient 
of viscosity for air. 

To show the relation between surface 
friction and the speed at a point near the wall, 
the corresponding observations wore reduced 
by the Reynolds method of logarithmic 
plotting previously described, an shown in 
Fig. 27. These plottings show that tho 
relation between surface friction and speed 
at a point is of the same form as for surface 
friction and mean flow, i.e. 'R (b* n , but 
that the value of n diminishes as t he boundary 



is approached until when tho geometrical 
centre of the Pitot tube is -075 mm. from the 
wall the value of n is 1-16. Tt would appear, 
therefore, that, at this distance tho eddy 
motion has nearly disappeared. 

On examining the curves in Fig. 2(1, and 
assuming the errors mentioned under (a) and 
(b) above are negligible, tho following char¬ 
acteristics will be noted. 
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(c) The, slopes of the tangents to the velocity 
curves at distances of '075 mm. and above 
from the walls are very much smaller than 
would be the case if the flow were laminar 
at these distances from the wall. 

(cl) The speeds calculated from the observa¬ 
tions at a distance of -075 mm. and less from 
the walls are appreciably higher than would 
exist in laminar flow with the measured 
surface friction. For example, with a fric¬ 
tional resistance of 10 dynes per sq. cm. the 
calculated speed at -075 cm. from the walls 
Avas 795 cm. per second. In laminar flow 
with this value of the surface friction the 
speed would be 443 cm. per second. 

It appeared, therefore, that if in these 
experiments it could be assumed that the 
speed indicated by the Pitot tube was the speed 
of the fluid at its geometrical centre the stream¬ 
line motion, if it existed, was confined to a 
region of less than -05 mm. from the boundary, 
and, further, the observations were not 
inconsistent with a finite amount of slip at 
the boundary. It was evident, therefore, 
that the proof of the existence or otherwise of 
streamline motion at the boundary would 
involve a much closer exploration of this 
region, than had hitherto been possible. As 
any further reduction in the cross dimensions 
of the Pitot tube would have rendered it 
unworkable, a modification of the shape of the 
tube was considered, and it was decided to try 
experiments with a tube in which its boundary 
adjacent to the Avail of the pipe was removed 
and its place taken by the Avail of the pipe 
itself. This modification is shoAvn in Fig. 28. 

As the space occu¬ 
pied by this tube 
was considerably 
less than .in the 
four-walled one, it 
was decided to fit a 
Pitot tube of this 
form to a pipe of 
0-25 cm. diameter. 
The reason for 
choosing such a 
small pipe Avas that 
the critical velocity 
in it Avould be so 
high that it would 
be possible to take a series of observations 
at about 0-1 mm. from the wall at speeds 
of flow below the critical, in which cases the 
actual distribution of velocity across the tube 
was known to be parabolic, and compare these 
values with those deduced from the Pitot tube 
readings. In this way the relation between the 
geometrical centre of the Pitot tube and its 
effective centre could be determined, and the 
possibilities of error pointed out in (a) and (b) 
above would be avoided. 

A series of tests were accordingly made at 


a given value of the mean rate of Aoav below 
the critical, and at different distances of the 
geometrical centre of the modified Pitot tube 
from the Avail. From the equation of the 
distribution of velocity in streamline Aoav 
v = v' c ( 1 -r 2 /a~) the values of r Avero calculated 
for each value of v calculated from the ob¬ 
servations. 

Points Avere then plotted whose ordinates 
wore the values of (a - r) and whoso abscissae 
Avere the corresponding distances of the geo¬ 
metrical centre of the. Pitot tube from the wall. 

This process was repeated for different 
values of the mean flow all below the critical 
value, and the mean curve through all the 
plotted points was taken to bo the calibration 
curve for the Pitot tube. This curve is shown 
in Fig. 29. It Avill be seen that for openings 



of the Pitot tube of the order of 0-3 mm. 
the assumption that the calculated speed is 
that which exists at the geometrical centre of 
the orifice is not greatly in error, but that when 
the opening is of the order of 0075 mm. the 
interference with the floAV is so considerable 
that the calculated speed is that which exists 
at the edge of the Pitot tube further from the 
Avail. 

A series of observations wore then made all 
at a speed above the critical and with the 
centre of the tube at different distances from 
the wall. The speods calculated from these 
observations are shown plotted in tAVo methods 
in Fig. 30. On the left-hand side of the figure 
the abscissae of the points are the distances of 
the centre of the Pitot tube from the wall, and 
on the right-hand side the abscissae are the 
“ effective distances ” as scaled off from the 
calibration curve of Fig. 29. Assuming that 
this calibration curve can be applied to con¬ 
ditions of flow above the critical, which seems 
reasonable in view of the fact that the amount 
of turbulence at the distances in question 
must from the evidence of Fig. 27 be very 
small, the curves on the right of Fig. 30 show 
the velocity distribution near the Avail when 
the readings of the Pitot tube are corrected 
for interference. 
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It will be seen that the effect of the correc¬ 
tion for interference is that at distances of 
the order of 0-05 from the wall the slopes of 
the velocity curves approximate fairly closely 
to the values which would exist in laminar 
flow. Further, there is no indication of the 
existence of any slip at the boundary. The 
conclusion was, therefore, that very definite 
evidence had been found of the existence at 
the boundary of a fluid in turbulent flow, of 
a finite layer of fluid in laminar motion and 
having zero velocity at the boundary. This 
evidence was supported by similar observations 
made on a large pipe of 12-7 cm. diameter, 
and very large rates of flow, and, although a 
rigid demonstration was out of the question, 


and, since all the terms on the right-hand side 
are supposed known, Rj is determinable. .11, 
therefore, the linear dimensions of M, are such 
that no experiment for the purposes ol estimat¬ 
ing its resistance can bo made upon it, tlio 
comparison made above opens up n possibility 
of predicting tins resistance from an experi¬ 
ment on a small scale model of it in a laboratory. 
In practice the use of this method is limited 
by the fact that the necessary conditions 
to he fulfilled in the model tost are nearly 
always impossible to realise. For example, if 
it is required to predict the resistance of an 
airship 200 feet long at 00 foot per second and 
a model of the ship to a scale of :l V> is available 
for the experiments, then supposing the test to 
be made in air, wo have 
Vl — v 2 , ^--lOL, and there¬ 
fore v 2 ~ IOojl ■■■.-.• 001) feet per 
second, a condition which 
could not bo realised in 
a laboratory experiment. 
Suppose, however, the 
model experiment he made 
in water. Them we have 
iq —13r a , and 

since vJ,Jv x - vjjv 2 , wo 
have t' 2 • 40 feet per 
second. This condition, 
again, is one which could 
hardly bo realised, in water 
tanks with submerged 
models, but it will be 
clear that the possibilities 
of a prediction are greatly 
increased. If we could 
obtain a fluid whose 
kinematic viscosity was 



there seemed no reason to doubt that in turbu¬ 
lent motion the boundary condition is given 

by A 

§ (24) The Prediction op the Resist¬ 
ance op Bodies moving in Fluids, prom 
Experiments on Scale Models op them. 
(i.) General Considerations .—From the expres¬ 
sion for the resistance of a body moving in 
a fluid at speeds below the velocity of sound 
in the fluid Ri = p 1 % a Zi 2 F(r 1 Z 1 /j' 1 ), it is obvious 
that the resistance of a body S x of given shape 
moving in a fluid of density and kinematic 
viscosity p x , v x at a speed « x may be predicted 
from the measured resistance of a scale model 
of the body S 2 moving in a fluid of density 
and kinematic viscosity p 2 , v 2 at a speed v 2 , pro¬ 
vided that l 2 , v 2 , and v 2 are all chosen so that 

v 2 L __ 

"2 *1 ’ 

for then R x = 

p 2 v 2 l 2 


only 1 per cent of that of air, the model test 
could be made at a speed of <> feet per 
second and the prediction could probably be 
made. 

Unfortunately no such fluid is available, ho 
that a direct solution of the problem Is not 
to bo hoped for. Tho importance of scale 
model tests, however, is not thereby negatived, 
since a study of the variation in the value 
of R/pv a over the range in which Heale model 
tests are possible often renders invaluable 
help in the prediction of the manner in which 
it will probably vary outside this range. 
This will bo seen from a study of the curves 
of variation of R/p« a with vl/v in Figs. 12, 24, 
and 25. In each of these cases it will be seen 
that for high values oi vljv, which are those of 
practical importance, the curve appears to be 
tending to a definite limiting value, which may 
be used, with probably fair accuracy, as a 
basis of prediction in design. 

(ii.) Ship Resistance . l —One of the most 
important applications of model experiments 
is the prediction of the resistance of ships, since. 

1 See “Ship Resistance,” § (4). 
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it is of fundamental importance to know 
at what speed a ship of given lines will be 
propelled by engines of a given horse-power, 
and also to have some reliable means of 
estimating the benefit which may be derived 
from a change of lines. The problem of the 
prediction of ship’s resistance is, however, 
complicated by the fact that a considerable 
proportion of the total resistance of a ship 
may be due to the formation of waves on the 
surface of the sea and. that this component 
cannot be estimated by the application of 
the law of comparison vl/v = constant. A law 
of comparison for both friction and wave¬ 
making may be derived by the ordinary 
dimensional reasoning, remembering that, in 
addition to the velocity, density, and viscosity 
of the fluid, and the linear dimensions of the 
solid, the acceleration of gravity must also be 
taken into account, i.e. we have 

R = E a p h v c v tl g e . . • (1) 


or the dimensional equation 



from which b~l\ 

c + d + 2e=2 . . (3) 

a - 36 + c + 2d + e = 1J 
or 6 = 1, a=2~ d + e, c=2-d-2e, 

from which 

R = fop - d + e pv~ - a " ” B v d g D 



or R = pw 2 Z 2 F . • (4) 

In order, therefore, that the total resistance 
of a ship may be accurately predicted from 
the measured resistance of a scale model of 
it, the following relations must hold: 

rt_VL 
v N 
■y 2 __ ya 

¥~ I# 

where the capital letters refer to the ship and 
the fluid in which it is immersed and the 
small letters to the model and the fluid in 
which it is towed. The condition is therefore 
N/?=VL/»Z = (L/Z)3. 

Assuming L/Z = 25, it would be essential, 
for the condition to be fulfilled, that the 
model should be towed in a fluid whose 
kinematic viscosity is less than 1 per cent of 
that of sea-water, which, of course, cannot be 
realised. For this reason the method adopted 
in practice is to separate the wave-making 
resistance from the frictional resistance in the 
following manner. It is clear from equation 


(4) that if friction he neglected the wave- 
making resistance of a ship is given by 

B, w —pv"l"¥ • 

If, therefore, we determine the wave-making 
resistance r w of a scale model of a ship under 
the condition that the quantity cjljv a is the 
same for the ship and the model, we have 

R»„V 2 L 2 _L^ , 

r w " vH- P’ ’ • ' { l 

i.e. the wave-making resistances of ship and 
model are in the ratio of the respective dis¬ 
placements. The procedure adopted is to 
carry out a test in a water-tank of a scale model 
of the ship at a speed given by v 2 /Z=V 2 /.L 
and determine its total resistance r. By 
means of tables of frictional resistances based 
on Froude’s tests on the frictional resistance 
of thin planks the value of the frictional 
resistance r. f of the model at a speed v is 
calculated and we then have r w -r- r f . The 
wave-making resistance of the full-sized ship 
is then given by equation (6) 


The frictional resistance of the ship is then 
calculated from the available data and its 
value ll f is added to R w to make up the total 
resistance of the ship. 

The objection to the use of data obtained 
from experiments on thin plates, for the 
calculation of the skin friction of ships, will 
he obvious from the consideration that the 
distributions of the fluid motion in the two 
cases are widely different. This is particularly 
marked in the case of the ship’s stern owing 
to the marked tendency of the streams after 
passing the midship section to separate from 
the lines of the ship, leaving a wake of eddies 
at the stern moving at comparatively low speed. 
This effect is well brought out in the photo¬ 
graphs shown in Fig. 31. These photographs 
represent the flow of water round small model 
balloons of varying fineness of tail. _ In order 
to render visible the flow in the region of the 
tail the model was given a thin coating of 
colour which would gradually dissolve away 
as the water flowed past and by the extent of 
'its admixture with the water streams would 
give an indication of the motion. It will he 
seen that in each case there is a dead water 
region at the tail, the extent of which increases 
with the hluntness of the tail, and since it also 
increases with the speed of flow, it is probable 
that the region will be large even in the case 
of a fine-tailed balloon of normal size and at 
normal speed. Corresponding effects will take 
place in the case of a ship unless the lines 
are particularly fine. 

§ (25) The Estimation oir the Friction 
oe the Tides.—F rom the curve of Fig. 12 
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it will he seen that for very high values of 
vljv the value of R/pa 2 tends to a definite 
li mi t whose value is not far removed from 
•002. It would appear from this that in the 
case of rivers and canals an approximate 
estimate of the frictional resistance to flow 
may be made by assuming that the frictional 
resistance of the bottom is equal to -002 p« 2 . 
An interesting calculation has recently been 
made by Mr. G. I. Taylor 1 which indicates 
that this value may also be applied to the 
frictional resistance caused by the movement 
of the tides over the bottom of the sea. 
Assuming the frictional resistance per unit 



Direction of Flow. 
Fig. 31. 


area to be given by lepv*, the energy dis¬ 
sipated per square centimetre per second is 
l-pv s . Now the tidal stream at any time t 
after it has attained its maximum velocity 
may be taken roughly as v=Y cos 2irtjT, 
where V is the maximum tidal stream and T 
is the semidiurnal tidal period of 12 hrs. 25 
mins. The average rate of dissipation of 
energy over each square centimetre is, there¬ 
fore, equal to the mean value of JcpY a cos 3 2irt/T. 
Applying this to the case of the Irish Sea, 
taking V = 2| knots, Mr. Taylor finds that 
the mean rate of dissipation of energy is 
h x 650,000 ergs per sq. cm. per second. By 
an independent calculation of the rate at which 
energy flows into the Irish Sea, Mr. Taylor 
shows that it is possible to find the approxi¬ 
mate value of 1c. Taking the southern entrance 

1 “ Tidal Friction in the Irish Sea,” Phil. Trans. 
Royal Society, cexx. 1. 


to the Irish Sea between Arklow and Ihmisey 
Island, from the known data of the depth of 
the channel, strength of the current, and 
range of tide in mid-channel, the mean rate 
at which energy is transmitted across this 
section is 6-4 x 10 17 ergs per second. The 
flow through the North Channel is shown to bo 
negligible compared with this value.. In 
order to arrive at the loss of energy by frictional 


drag it is necessary to subtract the work done 
against the moon’s attraction by the water. 
This is estimated by Mr. Taylor to be lit) 
ergs per sq. cm. per second. Taking the ami 
of the Irish Sea to bo 3-9 x l() 1(l sq. cm. the 
energy transmitted is 1640 ergs per sq. cm. 
per second, and subtracting the 110 due to 
the work done against the moon’s attraction, 
we have 1530 ergs per sq. cm. per second. 
Equating this to the above value obtained 
from the frictional resistance 650,000 k, we 
have h = 0024. This is in good agreement 
with the limiting values of k given by the 
curves of Fig. 12. 

§ (26) Tub Friction of tub Wind on tub 
Earth’s Surface. —Assuming that the skin 
friction of the wind on unit area of the earth’s 
surface can be expressed in the form F- kpQ, 6 
where Q, is the velocity of the wind near the 
surface of the ground, the value of k has been 
calculated by Mr. G. I. Taylor 2 from his 
theory of eddy motion and certain meteoro¬ 
logical data obtained at Salisbury Main, 
Referring to the sketch of this theory given 
in § (13) above, it will he seen that if F,„ and 
F„ are the components of the friction of the 
wind along axes parallel and perpendicular to 
straight isobars and u and v the components 
of the wind parallel to these axes, then 



where p! is the coefficient, of eddy viscosity. 
The total skin friction is evidently 


F= ^FZ-i-iy. 

Now from the equations of § (13) it follows 
that 

r&n _ 2 tan a fir-l-cu 

\_dz J 2 =oH~tm 2 ~a * ' Hi I 

r dv~\ _2 tan 2 a _ f7r-|-aj' ^ 

[_dz Jz 0 ~ 1 -I- tan 2 a' II, J 


and hence 

E=2gQ a sin a ^- I +tt , , . (3) 

so that if, following the ordinary convention, 
we write F = kp Q„ 2 wo have 


F 

pQs 2 


2a , 

-.sm a 


P 


fir-I-a Q h 

.Q s 2 ’ 


(4) 


* “ Sldn Friction of the Wind on the Karth’s Sur¬ 
face,” Proc. R.S. A, D, cxxxvii. 190. 
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From the data furnished by Mr. Dobson’s 
experiments on Salisbury 'Plain : 


Wind. 

F, 

P 

a. 

II,. 

Metres. 


Qh* 

1c. 

Strong . 

62 x 10 3 

20° 

900 

1560 

950 

04)022 

Moderate 

50 X10 3 

2I|° 

800 

910 

590 

0-0032 

Light 

28X10 3 

13° 

600 

460 

330 

0-0023 


It will be seen, therefore, from reference to 
the curve in Fig. 12 that the limiting value 
of the ratio R/pu 2 obtained in laboratory 
experiments on pipes when the velocity or the 
linear dimension is large, may also be applied 
with fair accuracy to the calculation of the 
skin friction of the wind on the earth’s 
surface. 


it was possible to obtain the distribution of 
the fluid pressure over the whole surface 
of the bearing. A. typical series of results 
are given in Table III. 

From an examination of the results it can 
be shown that the frictional resistance as given 
by the product of the coefficient of friction 
and the load was fairly independent of the 
load and was nearly proportional to the velocity 
and, further, that it varied considerably 
with the temperature of the oil film. 

(ii.) Osborne Reynolds' Theory. —After the 
publication of the results of these experiments 
the matter was taken up by Osborne Reynolds, 
who realised that the film might be thick 
enough for the unknown boundary condition 
to disappear, in which case the equations of 
hydrodynamics could be applied to the motion, 
As the result of a somewhat intricate investi- 


Table III 

Experiments on Journal 4 Inches Diameter, 6 Inches Long 
Lower Surface of Journal Immersed in a Bath of Rape Oil at 90° F. Chord of Arc 
of Contact of Brass 3-92 inches 


Load in Lbs. 

Coefficient of Friction for Speeds as below.* 

per Sq. In. 
of Projected 



Revolutions per Minute. 



Area of Brass. 

100. 

150. 

200. 

250. 

300. 

350. 

400. 

450. 

573 


•00102 

•00108 

•00118 

•00126 

■00132 

•00139 


520 


•000955 

•00105 

•00115 

•00125 

•00133 

•00142 

•00148 

415 


•00093 

■00107 

•00119 

•00130 

•00140 

•00149 

•00158 

363 


•00084 

•0090 

•00110 

•00122 

•00134 

•00147 

•00155 

258 

•00107 

•00139 

•00162 

•00178 

•00195 

•00213 

•00227 

■00243 

153 

•00162 

•00200 

•00239 

•00267 

•00300 

•00334 

•00367 

•00396 

100 

•00277 

•00357 

•00423 

•00503 

•00576 

•00619 

•00663 

•00714 


* The definition of the coefficient of friction as tabulated above is—Coefficient of friction multiplied by the 
total load «= moment of friction divided by the radius of tho journal. 


§ (27) The Frictional Resistance op 
Surfaces separated by a Thin Layer 
op Fluid, (i.) Cylindrical Surfaces, Tower's 
Experiments. — It was discovered by Mr. 
Beauchamp Tower in 1883 in the course of some 
experiments made for the Institution of 
Mechanical Engineers, 1 that in the case of a 
lubricated bearing resting on a revolving shaft, 
the surfaces of the shaft and bearing were 
completely separated by a thin film of oil 
under pressure, and that the component of 
the total fluid pressure in the direction of the 
load was numerically equal to the load. 

Tower’s apparatus consisted of a half* 
bearing of brass resting on a shaft 4 in. in 
diameter, the lower part of the journal being 
always immersed in oil. Arrangements were 
made to measure the frictional resistance of 
the bearing, the speed of the shaft, and the 
temperature of the oils for various conditions 
of loading. Further, by inserting pressure 
holes at various points in the surface of. the 
bearing and connecting these to a manometer 
1 Proc.Inst Mechanical Engineers, 1883-84. 


gation, 2 he obtained an approximate solution 
of the problem of the half-bearing, the results 
indicating that it was essential for the mainten¬ 
ance of the film that there should be a difference 
between the radius of the bearing and that of 
the journal, the two surfaces having a given 
eccentricity depending on the load, conditions of 
running and the nature of the lubricant. It was 
further shown by the theory that this position of 
nearest approach was not in the line of action 
of the load, but that the relative 
position of the two surfaces would 
be somewhat as shown in Fig. 32, 
the position of nearest approach 
being on what was termed by 32 _ 

Mr. Tower the “ off ” side of the 
line of load, i.e. the side of recession of tho 
journal surface from the line of load as 
distinguished from the “on” side or side of 
approach. 

Thus, starting from the condition of no load, 
the distribution of the vertical and horizontal 
components of the pressure of the oil film 
i , a Phil. Trans. Ron. Sac., 1886*.-Part I. 
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would be as indicated by the curves in Fig. 33. 
In this case the position of nearest approach 
HG is vertically above the centre of the 
journal, the pressure of the film relative to the 
pressure at this position being positive on 
the on side and negative on the off side, and 
the distribution being such that the total 


Vertical Pressure 



vertical component is zero and the total 
horizontal component equal to the horizontal 
component of the friction. 

On applying a vertical load it is essential 
for equilibrium that the positive vertical 
component of the oil pressure should exceed 
the negative component by the amount of 
the load imposed, and consequently the 
bearing tilts over into the position shown in 
Fig. 34, in which the resultant of the vertical 
pressure of the oil and the friction of the 
bearing surface exactly balances the load. 
As the load increases it appears from the theory 
that the position of nearest approach moves up 
to the left extremity of the bearing and that 
on further increasing the load it moves back 
again towards the central position. Further, 
when the load is in such a position that the 
least separating distance IIG is almost half the 
difference in radii of bearing and journal the 

# angular position of HG 
is about 40° to the off 
side of the centre line. 
At this position the 
pressure on the oil film 
is everywhere greater 
than at A and B, the 
extremities of the bear¬ 
ing and the effect of any 
-Fig. 34. additional increase in the 

load is to produce a 
negative pressure at A which in practice will 
produce rupture of the oil film. 

It. is fairly obvious, therefore, that this 
condition is the one which obtained in Mr. 
Tower’s experiments at the instant when 
“seizing” occurred, and may be regarded 
as. determining the maximum load on the 
bearing. It was possible, therefore, to obtain 
a check on the accuracy of the theory by 
calculating the distribution of pressure from 
the equations when the distance of nearest 
approach of the surfaces was half the difference 
of the radii,^and comparing this theoretical 


distribution with the one actually observed by 
Mr. Tower. This comparison has been carried 
out in Fig. 35, the full curvoH indicating Mio 
theoretical distribution of proHHiu* on an angle 
base and the crosses the observations, it will 
be seen that the agreement is very satisfactory. 
The mathematical theory of friction under 
the conditions obtaining when piano or 
cylindrical surfaces supplied with a lubricant 
move relatively to each otluvr has also been 
developed by Sommerfekl, Micholl, mid 
Harrison. As the treatment of the problem 
of the cylindrical bearing by Harrison is 
simpler than that of Osbornes Reynolds, 
owing to the fact that lie ban assn mod that 
the bearing is a complete cylinder instead of a 
half - cylinder and leads in the case of two 
dimensions to an 
exact solution, a 
brief account of 
the analysis is 
given here. 1 

(iii.) Harrison’s 
Theory .—In form¬ 
ing the equations 
of motion of the 
film the effect of 
gravity and of the 
inertia of the fluid 
can be neglected 
compared with the 
internal stresses 
arising from the 
shearing of the 
liquid. Also, on 
account of the 
thinness of the 
film, its curvature 
can be neglected 
so that the same equations hold whether the 
surfaces are plane or cylindrical. In tlm 
equations x is measured along the moving 
surface in the direction of motion, y being 
normal to this surface. The ni<>ti,>n is stem 1 y 
and assumed two dimensional. 

If«, v be the component velocities at any 
point hi the liquid, p the pressure, the equation's 
of motion are (see p. 34fi) 

dp „ 

S =MV“«,. . . . (1) 

rip 

p ?/ =MV a b. . .. ( 2 ) 

where g is the coefficient of viscosity, and the 
equation of continuity is 



The boundary 


du 

cx dy 


= 0 . 


conditions arc 


u — U, v~Q, where y ^ () y 
u = 0, v — Q, where y = h / 


* Transactions Cambridge Philosophical 
x-vii. No. 8, p. 39. 


(») 


('<) 


florist,y, 
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where h is the variable distance between the 
surfaces and is a function of *. Since the 
surfaces are nearly parallel, v will be small 
compared with u and the rate of variation of u 
in the direction of x will be small compared 
with its rate of variation in the direction of y. 

Accordingly equations (1) and (2) become 

dp dhi / r .\ 

‘ ‘ ‘ {) 


dp 

d'y 


% 8 ’ 
= 0. 


( 6 ) 


From (0) it is seen that p is independent of y 
and (5) is then integrate, giving 
Hi-y 


u- 


If-il-yiV ■ 


Now from (3) 




pj-- 


■ h) -I- U 




h 


~ 0, 


(7) 


therefore, substituting the value of du/dx from 
(7) aud integrating, we have 


I.UM 

dx\ h ^ 


=e M u: 


.dh 


1>$~- = C/aU(/i - 

(X 


h), 


(8) 


where 7q is the value of h for which dp/dx = 0. 

Let Fig. 3(5 represent a 
section through the shaft 
journal, and let 0 be the 
centre of the journal of 
radius a and O' the centre 
1 of the hearing, a + y its 
radius, and let 00'=C97 
where e<l. 

Then the value of h 
=ij(l+c cos 0) where 0 is the 
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can be written h 
angle POO'. 

Hence, writing x=aO, +c cos Of, we 

have 

dp _6,uU«e(cos 0 - cos Of 
dO ?; 2 ( 1 + c cos Of 
f rom which 

„ 6/xUa r c sin 0 
P = 0 + . 


( 9 ) 


(I - c-j-irQl + cos of 


I - (1 - c 2 )(l + c cos 0) -I- 1(1 + C cos Of 
(l-c 2 + 3(l+ccos 0))j- +(1 - c 2 ) ^‘2(1 


• (1 + e cos d x )(2 + c 2 )} tan" 


l /l — n, 0^ 

IV l + c 2J 


(dp/dO) = 0, and substituting this value of 0 t in 
equation (10), we have 

n i 6/.iliac sin (1(2 + e cos 0) 

V + ~f{2+ <•-){ l + c cos 0)~ ' * ' 

It will he seen from this that the positions of 
maximum and minimum pressure are cijiii- 
distant from tiro point of nearest approach, 
and the one value rises above the value of the 
pressure at that point by as much as the other 
value falls below it. The distribution of the 
pressure for values of G of 0T, - 3, and -5 is 
shown in Fig. 37. The total vertical force 


] 
( 10 ) 

Now p can only have one value for any 
given value of 0, and therefore the coefficient 
of tan - 1 { V(RPc) 7(ITc)_tan (0/2)} in the above 
equation must be zero, i.e, 

3c + (2 + c a ) cos 0 X =O. . • (11) 

This equation determines the points at which 
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on the journal due to the pressure acts down¬ 
wards through O and is given by 

[2tr . n 127r/xU UrG 

H ~ p Bin OadO ■ 


V(2 + c a )(l.~e s )tt 


(13) 


The total force due to the viscous drag on the 
surface of the journal must by symmetry act 
through 0' and is given by 


S= / sin OadO. 


Now 

/= 


' U 1T i 


or 


S = 


Mb 


. (5(1 -(f) 

2 + c 2 )(l +6 cos oy- 


- 11 (!)»-»' 

/-.ur .4 . 

■>7 Li+° cos 0 
Ir/cU«r 0 

rfl L - (2 + e 2 )(l 
Again the couple exerted on the journal is 

( 15 ) 

_ J ij(2 + c a )(l-c J )9 
Now if /' he the viscous drag on the surface 
of the bearing 

/ du\ _ ru_ ,, < pi 

/ -• ^ 

Hence on the hearing the corresponding forces 
and couples arc R' acting upwards through O 
and equal to R 

Q/ 4T/ t Uar. 2(1 

S= “^ . L 1 " 2 + <T_ 

4v/rUffl a (l - c 2 )- 
~ i;(2 +C 2 ) . ‘ 

Now S and S' are not equal and opposite, 
but being of a smaller order than R and R' 
may be neglected. In fact it has been shown 
by Sommerfeld that a closer approximation 


(16) 

(17) 
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would establish their identity. The inequality 
°f M and M is, however, an essential ohar- 
acterxstic of the equality of the force systems 
(R,M), (R M ), R acting at 0 and R' at O', 
iaking different values of c the ratio of M 
to M is 

c =0 -1 -4 -6 =9 

M/M' 1 1-03 1-51 2-69 13-8 

. coefficient of friction for the journal is 
given by 

> +2c 2 ) 

Ra 3oc 5 

and that for the bearing X' by 

R'a 3ac 

An appreciation of these facts is of value in 

the practical determination of the coefficients of 

^nofbeanngs in laboratory experiments, 
the fnVH 13 am ?f t ™ iversa % the practice, 

is ev InHa 0 ! ! 1C beariu S is determined it 
s evident that the actual coefficient of the 

so U determ- C °T de i rably greater than the ™lue 
are * i f ^ the Speed be efficiently 
great to make c comparatively small. 

io,m!n| faCt ^ tbe frictional resistance of a 

sliahtR rr? a f .°°. natant s P eed increases 

tratedbv }° 13 mcreased may be illus¬ 

trated by calculating the values of M and R 

ofTandl 10113 ( \ 8) a ? d (15) for 8 iven values 
o± c and assumed values of p, U, a, and v 


The variation in the amount of the frictional 
resistance as the speed is increased, the load 
remaining constant, may be shown by calculat¬ 
ing the values of U and M from equations (I'd 
and (15) for different values of 1 Tr beiS 
constant. ung 

. T]us 1 llas beon done for the same bcarine 
journal, and lubricant as in the previous 
example, taking the value of R as 1 232 500 
grammes when c = -5. 

V3l “ es 01 V and u m „ 


U Cm. p.s. 

BOO 

C37 

855 

1285 

2085 


M Gramme Cm. 


0,104 

0,000 

7,070 

10,900 

10,720 


The results are shown in Fig. 39, in which 
the ordinates are the values of M and the 
20,000 


^ 10,000 


■ a- on 

s. 


fi 

, 


_ 



_S—j 

L. 
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cms.p.s. 


grs, 

I’m. 38. 

the , results - ™ s has been done 
1 lJl 38 for a bearing and journal in which 

U=500 cm. per sec., 
ra=2-5 cm., 
y = *005 cm., 

M — l, 

fonowfr 1 * 4011 vaIues ot E “ d M b ™S » s 


C t 

R in Grammes. 

M in Gramme Cm. , 

•1 

240,200 

4084 

•2 

480,900 

4325 

•3 

722,300 

4735 

•4 

961,500 

5319 

•5 

1,232,500 

6164 


* jl „ u 1J y increasing the load 

] n bl !, e ratl ° °J 5 to 1 the friction is increased 
ny 47 per cent. 


Speed 
I’m. 39. 

abscissae those of U. It will bo seen that 
. 7 speeds an increase in the speed of 

hr tlm iSjT T ° nly reaults 111 an hroreaso 
R 1+ th ! S resistance of about 8 per cent, 

but at the high speeds the friction is practically 
, P ro portional to the speed. 

tio?i" d r be not f d tllat the above doduc 
t ?“ S ° n S theory—the ratio of the 
an/oi° n e journal to that on the hearing 

Z J-VT T 3 ° f 1 friction wit h load and 
p ed aie based on the assumption of a film 

iormJr Cai f- h is continuous round the 
journal and m which the pressure distribution 

tL™T^ tnCa - ab ° lXt a horizontal section 
* tlle axi3 ;. as m Fig. 37. No export- 

buriou^ T * tIle dfeW- 

h J* “ a lubricated bush appears to have 

vSLS' ?n T S ° me P rcli, «inary obser- 
R wo Id hG ^, ltl ° nal Physical Laboratory 

fribuftn aPP T thatSUcb a symmetrical dis- 
tribution is not commonly obtained in practice. 

■jv-rr, 28 P BI0TI0NAL Resistance on Flat 
Inclined Surfaces. (i.) Michett’s Theory.- 
The hydrodynamical theory of the pressure 
distribution between two flat inclined surfaces 

°! fluid has been worked 
c- , who has obtained a complete 

1 Zeitschrift filr Mathematics , 1905, lii 
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solution in three dimensions for a slide block 
of finite length and width. The results 
obtained have recently been applied with 
great success to the design of thrust blocks of 
marine engines, and an outline of .the analysis 
may be given here. Let the plane rectangle 
ABCD in Fig. 40 represent the lower surface 
of a rectangular slide block 
moving with velocity U over 
the plane xQz, the space be¬ 
tween the planes being filled 
with a liquid of viscosity y. 
U is taken as positive in the 
direction a’O, and the planes 
AC, rt'Oz are assumed to intersect in the line 
0 z and the planes AO, xOt/ the line AB. The 
width of the block AD is taken as it. Let 
7i = distance between the planes at the point 
as, y and let 0 = a;OB, the angle between the 
planes. Put 

c = sin0, OA=a, OB =b, h = cx. 

The boundary conditions are, if jo=pressure 
of liquid at x, y, 

2> = 0 when x=a or x — b for all values of z. 
j» = 0 when z = 0 or s=t for all values of x. 

Then, precisely as in the case of the complete 
cylindrical bearing (see p. 377), it follows that 
between the planes AG and a:Oz, p as a function 
of x and z must satisfy the equation 
TT 07 i,_ 9 /ft? dp\ 9 /ft? dp\ 
dx~~dx\6/j,' dx) dz\6y' 03/ 


d 2 p , 3 


dp 9 2 p 
dxdz 2 ' 


<VU. 

C 2 X 3 


= 0 . 


Assuming a solution of the form 
P^Pi+Pz+PaF • • • Pm, 


where 


Pm = - 


io m sxn mz 
mx 


( 1 ) 


( 2 ) 


and w m is a function of x only, we have 
sin mz 


P-- 


Writing mx = 24,uU lire' 
(1) as 

6gU 4 
c a X s ’ 7r 

{“. 1 3 


, 3 


dp ,d 2 p 

dx + 3 z 2 


sxn 6z 
sm z 4——h 


J 


■ lc, and equation 


sin mz \ 


the sum of the series of sines being 7 t/ 4 for all 
values of z between o and it, we have 


j>£ s 

dx~ 

Trp 

dx 2 ' 


d 2 p 

dz 2 ' 


dp 

Jti. 

?i- 2 " 




=m 2 2 


f s t i- 2 "i 

fl 9> m _2 

\r 9F ^ 

2m 


sr 


j- sir 


>j ~r > 


( 3 ) 


=0. (5) 


the differentiation of the series term by term 
with respect to z being permissible because 
p —0 when z =0, and z=ir. 

The coefficient of sin mz in equations (3) 
now becomes 

+1 . % - (i+4)-£}, (i) 

f l 9f 2 f 9i \ s / i ’ 

and. since every such coefficient must vaxxish, 

The complete solution of (4) is seen to be 
w m —AM •*>) F BmBi(f) 

or 

w m =A / m I 1 (.C) + B^Kitf) - 7<ir 2 + 3f* 

+ 5.3 2 r 8 -h7.5 2 .3 2 r 8 + 

where I x (fl and Iiyfl are the Bessel functions 
of (*. Hence the value of p m will bo 


9 2 w m I dWm 

~W 2 + r 3f 


Pm .— ^ A m I 1 ( , ma:) + B, n Ki(m*) 

.“Sfi +«+!“>;...)) 

7 rC“ \ o o. o u / J 

or 

_ J^-..n+^tmx)- 2 + 5. Z 2 {mx)- X . . 
(mx) 2 ttc 2X 

or writing for convenience 

W-;‘ 4 (lW-) 

«='(isr( l+3< ’“ ) ' I+r, ' 3 ' ,(mx) "‘--' 


(7) 


)}. 


L, 

wo have 


f . T ^ mx ) 
p m = smmz^A m ~^- 


G/aU 
c 2 ’ 

l-B, 


Ki(w*)_oL x («w) 


mx 


( 8 ) 


Pm —sin mz (a',,, 1 ^- + B 


, Iv 1 (ma;) 
mx 


- CL a (ro»:) ], 

the first form being suited for calculation 
when mx is small, the second when mx is 
large. 

The coefficients are determined from the 
condition that p m vanishes when x—a or b 
for all values of 3. 

The intensity of pressure at any point x, y 
having been determined, the total pressure 

P = j j pdxclz . . . (9) 

may be found by arithmetical or graphical 
summation. The friction per unit area at 
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any point x, o, z, precisely as in equations on 
p. 377, is given by 


(du\ _ U _ h dp 

2 ‘ dx’ 


where U is the velocity of the fluid in the 
direction of x at x, y, z. 

The resistance of the whole block is there¬ 
fore given by 


('(‘(“s' |-l)“ 

= T l\ JJ dx-~l \(p b -Pa)~ pdx} ( k 
J a CX " J o *•' 


= !^I 0 g & + |.P.(11) 

c 65 a 2 

(ii.) 27ie ifesaZfs of the Application of the 
Theory to Special Gases. Case I. Square 
Bloch—length of side=ir, 6=2a.—The distribu¬ 
tion of pressure over the block is shown in 



Fig. 41, in which the lines of equal values 
of p/C, i.e. equal values of pc a /6gU, are 
shown. For tables of the values of the Bessel 
functions required and the method of obtain¬ 
ing the values of the coefficients, reference 
may be made to the original paper. The 
mean pressure is found by arithmetical 
summation to be p = (P/7r 2 ) = - ■0213( ( u.IT/c 2 ), 
and the position of the resultant pressure is 
•427 t from the rear end of the block. The 
nominal coefficient of friction 
F 

= -g=10-83c. 


Case II. Slide Block of Width equal to 
one-third of its Length , b—2a, as before .—The 
distribution of pressure is shown in Fig. 42, 
the mean pressure is given by 


. P_ 
3 7T 2 


-"00155 


gU 

c 2 ’ 


and the position of the resultant pressure is 
at -39 of the length of the block from the rear 
end. 


The coefficient of friction is 143c, or thirteen 
times greater than in the case of the square 
block. 

Case III. Slide Block of Infinite- Width.— 
Assuming 6 = 2a as before, the moan pressure 
i s p = _ -0500 (gU/c 2 ), the resultant pressure 
acts at 1-433 of the length of the block from 



its rear end, and the coefficient of friction is 
4-86 C, or less than half of that of the square 
block. 

The distribution of pressure along the 
middle line s=t/2 in this case compared 
with that for the square and rectangular 
blocks is shown in Fig. 43, in which the 
influence of the transverse flow in reducing 
the pressure at the side is clearly brought out. 



The practical application of tho essential 
conditions to secure perfect lubrication 
between two flat surfaces, indicated by the 
theory, has led to very great improvements 
in tho design of tho thrust blocks of marine 
engines. Previously collar - thrust bearings 
of the type shown in Fig. 44 were in use. 
These consisted of 
collars forming part 
of tho shaft in con¬ 
tact with tlrrust 
washers sliding in 
grooves in the thrust 
block and transmit¬ 
ting the thrust of the 
propellertoit. Oil was 
admitted to the surfaces in contact through 
radial grooves cut in tho thrust washers, but 
as the two surfaces were coplanar it is evident 
that no separating oil film could be formed, 
with the result that the maximum pressure 
which could be used without seizing was of 
the order of 60 lbs. per sq. inch. Tho stole 
and cost of the thrust blocks of large marine 
engines were therefore very great. The first 
thrust bearing in which the theoretical condi¬ 
tion of an inclination of • tho surfaces was 
fulfilled was made by Mr. A. G. M, Michel 1 in 
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Australia in 1905, and since that time the 
development of this type has been very rapid. 
Fig. 45 shows a bearing on this principle 
designed by Mr. Newbigin for Messrs. Beilis 
& Morcom of Birmingham for a steam 
turbine. In this A is the collar on the shaft, 
B are the segmental rubbing blocks, the backs 
of which are cut away to allow of them tipping 
through the necessary angle to the plane of 
rotation. C are spacing blocks between which 
the loose rubbing blocks are fitted. D is 
the case holding the spacing and rubbing 
blocks together. E is a washer, concave on 
one face and flat on the other, to ^ provide 
means of automatic adjustment. F is the 
cross-piece with a convex face on to which 
the washer fits and having holes through 
which bolts pass to transfer the thrust to the 
frame of the turbine. The oil is supplied 
through a hole in the centre of the shaft S. 
This bearing was tested under a total load 
of 1500 lbs. or 500 lbs. per sq. inch at a speed 



of 1750 revolutions per minute, under which 
conditions it ran continuously at a temperature 
of 124° F. Owing to the smallness of the 
angle of inclination of the surfaces it is not 
X>racticable to have them fixed, and the blocks 
are pivoted about an axis passing through 
the line of action of the resultant of the oil 
pressure and the friction. In this way the 
block automatically sets itself to the correct 
inclination. Designed in this way thrust- 
bearings have been constructed which have 
run continuously with a pressure as high as 
3000 lbs. per square inch. 


IV. The Frictional Resistance op Solid 

SURFACES SEPARATED, OR PARTIALLY 
SEPARATED, BY A F.ILM OF FLUID OP 
SUCH SMALL DIMENSIONS LATERALLY 
THAT THE P1.ESISTANCE IS NO LONOER 
DUE TO THE SHEARING STRESS IN THE 
Fluid alone 
§ (29) Oillness. 1 (i.) Lubrication .—In the 
cases of the frictional resistance of surfaces 
separated by a film of fluid whose motion can 
be predicted from the equations of hydro¬ 
dynamics, such as those discussed earlier in 
this article, it is, of course, obvious that the 

1 See article “ Lubrication.” 


resistance is entirely independent of the nature 
of the surfaces and dependent on the char¬ 
acteristics of the fluid, so that it may be 
assumed tliat, in the case of two hearings 
and journals of identical dimensions and speed 
and loaded in such a manner that the relative 
position of journal and bearing is the same 
for each, hut supplied with different lubri¬ 
cants, the frictional resistances are proportional 
to the coefficients of viscosity of the two 
lubricants used. It has long been known, 
however, by practical engineers that trouble 
in running machinery caused by hot bearings 
can he cured by the use of certain oils whose 
viscosity was of the same order as that of 
the oil used in the hot hearing. Ibus in 
the case of the heating up of the crank-pins 
of gas-engines lubricated by mineral oil it 
is common practice to substitute castor oil 
for the mineral oil, with the resyilt that the 
friction diminishes to its normal value and 
smooth running results. Now the value of 
u, for castor oil does not differ appreciably 
from that of a good lubricating mineral oil, 
so it is evident that the former possesses some 
lubricating property apart from its viscosity. 
Although considerable attention has been 
devoted to the study of this property of 
good lubricants, no definite relation has yet 
been found between it and the other physical 
properties of the oil, and the property itself 
is somewhat vaguely referred to as oilmess. 
There seems, however, to ho no doubt that 
the determining factor of oilmess is the 
chemical composition of the lubricant and 
that those oils which contain a largo propor¬ 
tion of unsaturated hydrocarbons are the best 
lubricants. An explanation of the relative 
superiority as regards lubricating value of 
animal and vegetable oils over mineral oils 
is suggested by Langmuir’s theory of adsorp¬ 
tion. According to this theory, the fact that 
animal and vegetable oils spread upon water 
whereas mineral oils do not is due to * 0 
presence of an active group in the molecule 
in the former case and its absence in ie 
latter. 2 The soluble glycerine ester end ot 
the rod-like molecule tends to dissolve in the 
water, hut the insoluble hydrocarbon end 
refuses to do so, with the result that the 
molecule stands on end and the surface of the 
water is covered with a layer of closely packed 
molecules of the animal or vegetable oil. On 
the other hand, the mineral oils with hydro¬ 
carbon groups at each end of the molecule 
are inert, and spreading does not take place. 
Similarly, when a liquid, whose molecules 
contain active groups is in contact with a 
solid surface adsorption takes place and the 


2 H. S. Allen, "Proceedings of the Physical Society, 

^° V S ee also!H ardy, “Spreading of Maids on Glass,” 
Phil. Mag. xxxviii. 49. 
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molecules orient themselves into the surface 
layer of the solid in the same manner. We 
may therefore regard the lubrication of sur¬ 
faces in apparent contact as being in the ex¬ 
treme case a condition in which the surfaces 
are separated by a layer of oil one molecule 
thick, resembling a piece of velvet firmly 
glued to the metal with the pile outAvards. 
Two such velvet-clad surfaces will presumably 
be able to glide over each other with little 
friction, and that lubricant will he the most 
efficient in which this spreading action over 
the metallic surfaces is the most complete. 
It is evident that the action here presumed will 
depend on the chemical composition of the 
surface of the bearing, and this affords an 
explanation of the well-known fact that in 
cases of lubrication in which, owing to the 
circumstances of the motion, and loading, 
perfect or “ film ” lubrication cannot take 
place, the frictional resistance depends on the 
nature of the metallic surface, with the result 
that “ anti-friction metals,” as they are called, 
are much used. Mr. Archbutt has recently 
found that under the same conditions of speed 
and nature of lubricant the lining of a bronze 
bearing -with white metal enabled double the 
load to be carried. 

(ii.) Relation between the Lubricant and the Sur¬ 
face — Deeley's Experiments. — The lubrication 
of surfaces under the conditions mentioned 
above and the determination of the coefficients 
of friction between surfaces of different metals 
in contact when lubricated with various oils 
have been investigated by Mr. R. M. Deeley, 
w'ho has constructed a special machine for 
the purpose. In this machine {Fig. 46) three 
steel pegs each - S B 5 inch in diameter symmetric¬ 
ally placed in a circle of 7 cm. diameter rest 
on the flat surface of a disc of metal which 
can be slowly rotated. These pegs are carried 
by an upper disc which can be loaded as de¬ 
sired and which actuates a spindle to .which a 
spiral spring and recording index are attached. 
When the lower disc is rotated the tipper disc 
is carried with it by means of the frictional 
resistance between the surfaces of the peg and 
the loAver disc, the index recording the value 
of the torque, until slipping occurs. A pawl 
• and ratchet are attached to the gear to prevent 
the index from moving, back along the. scale 
when slipping takes place. The movable disc 
on which the pegs rest lies in a circular dish 
which can be filled with oil. Tho mechanical 
details of the machine will be clear from Fig. 
46. In order to obtain clean surfaces of the 
disc and pegs these were ground under water 
with flour of carborundum. They were then 
polished with fine Avet emery cloth, rubbed 
well in water A\ r ith a cork to remove as much 
emery as possible, dried'with clean blotting- 
paper, and finally heated to get rid of all 
traces of moisturo. As soon as the surface 


Avas dry it was wetted Avith the lubricant to 
be tested, placed in tho machine, and tho 
static friction coefficient determined in the 
manner described above. 

As illustrations of the effect of tho nature 
of the metals in contact and of the lubricant 
employed, the folloAving results of experiments 
made by Mr. Deeley may be quoted. Tho 



pegs were made of mild steel. One of tho 
discs used Avas of cast iron and the other Avas 
a lead-iron alloy of the folloAving composition: 


Copper 

. . . 86'88 

Tin 

. . . 6-71 

Lead 

. . . 4'00 

Zinc 

. . . 4-19 

Iron 

. . . 0-10 

Nickel . 

. . . 0-12 

* 

100-00 


The static coefficient of friction is taken as the 
mean frictional resistance of the peg divided by 
the load, and the efficiency of tho lubrication 
is taken as 100 - (static coefficient x 100). 
Table I. gives the results obtained. 

From tho results it Avill bo seen that tho 
efficiency of lubrication of mild, steel on cast 
iron .is higher than for mild steel on tho alloy 
for all the lubricants tested, but that tho 
amount of the.difference varies Avitlx tho nature 
of the oil tested, the advantage of tho cast 
iron varying from 0-5 per cent in the case of 
a mineral oil used for clocks to 12 per cent 
in the case of a mineral oil used for type¬ 
writers. Rape and olive oils give tho best 
results and tho mineral oils the Avorst. 

It is of interest to note that those oils which 
according to the experiments havo tho lowest 
coefficient of friction are those which are 
generally acknoAvledged by engineers to ho 
tho best lubricants. 

The general conclusions which Mr. Deeley 1 
draws from his experiments are as follows: 

1 Thys. Soc. Free., 1919, discussion on Lubrication. 
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“ * Oiliness ’ appears to be an effect produced 
by the lubricant upon the metallic surfaces 
with which it is in contact rather than a 
property depending on any particular physical 
property of the lubricant. It would appear 


or as a result of abrasion forming a paste of 
metal plus oil between surfaces covered by 
oil layers one molecule thick.” 

§ (30) Tub N.P.L. Gear Efficiency Ex¬ 
periments. (i.) Lancaster's Apparatus. A 


Description of Oil.* 

H. B. clock oil . 

. M 

Bayonne oil ... 

. M 

Typewriter oil . 

. M 

Victory Red oil. 

. M. 

E.E.E, cylinder oil . 

. M 

Manchester spindle oil 

.. M 

Castor oil . - 

. V 

Valvoline cylinder oil 

. B 

Sperm oil , 

. A 

Trotter oil . 

. A 

Olivo oil ... 

. V 

Rape oil ... 

. V 


Table I 
Mild Steel on Cast Iron. 
Static Coefficient. I Efficiency 


0-271 

0-213 

0-211 

0-196 

0-193 

0-183 

0-183 

0-143 

0-127 

0-123 

0-119 

0-119 


* A=animaloil; V = vegetable oil 

that the unsaturated molecules of the lubri¬ 
cant enter into a firm' physico-chemical union 
with the metallic surfaces, thus forming a 


Dash Pot 



a blended oil. 



M = mineral oil; 

series of experiments on lubrication, in which 
the contact of the sliding surfaces and the 
distribution of the lubricant was probably 
of the nature of that presumed in the fore- 
going discussion, lias recently been carried 
out at the National Physical Laboratory. 
These experiments consisted of tests of the 
efficiency of transmission of power through a 


Uniuersat Coupling 



Bevel Gear Box Vs-L/y 
Sliding Uniuersat Joint -"dJ 


(Belt tightening Gear not shown) 



friction surface which is a compound of oil 
and metal. This solid surface would also 
appear in the case of metallic surfaces to he 
much more than one molecule thick, the oil 
either penetrating some little distance into 
the metal and altering its physical properties 


RIG. 47. 

worm-gear when using different kinds of oils, 
and were carried out for the Lubricants and 
Lubrication Inquiry Committee of the Depart¬ 
ment of Scientific and Industrial Research. 
The testing machine was specially designed by 
Mr. E. W. Lanchester for the accurate measure¬ 
ment of the efficiency of power transmission 
through a worm-gear. A sketch of the machine 
is given in Fig. 47 and an enlarged view showing 
a section of the gear-box and the oil circu- 
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lating system in Fig. 48. It will be seen from 
Fig. 47 that the gear-box is supported in a 
cradle A in such a manner that it has freedom 
of motion through a small angle about two 
axes at right angles. The worm is driven by 
the shaft B through the intermediate shaft C, 
the latter being provided with universal 
couplings at each end. In the same manner 
the worm-wheel shaft is connected to the 
bevel box E, through the shaft D, and the 
universal couplings F, F. The load is supported 
-by a bracket II fixed to the arm G, the axis 


efficiency of the gear is 100 per cent and (lie 
gear ratio 3 to 1 so that the speed of the worm 
is three times the speed of the worm-wheel, 
the torque on the worm-shaft will lie one-third 
of that on the worm-wheel shaft, and there¬ 
fore the distance of the load from the worm 
axis will bo one-third of its distance from the 
wheel axis. As tho efficiency of the gear is 
less than 100 per cent, it will bo necessary to 
move the load farther from tho worm axis 
in order to balance the goar-box. The calcu¬ 
lated distance of the load from tho worm axis, 



Fig. 48. 


of this arm being parallel to and in the same 
vertical plane as the worm-shaft axis. The 
load is not fixed directly to the bracket but 
is carried by a slider, and by means of a screw 
and nut device the distance of the load from 
the axis of the arm can be varied. The 
bracket is permanently fixed to the arm and 
thus the moment of the load about the worm- 
wheel axis is equal to the load multiplied by 
the length of the arm and is always the same 
for the same load. The moment about the 
worm-shaft, however, can be adjusted by 
means of the screw-gear, there being a scale 
on the bracket giving the distance of the 
centre line of the load from the axis of the 
arm. It will be seen, therefore, that if the 


assuming 100 per cent efficiency, divided by 
the distance of tho load to obtain, a balance 
of the gear-box is tho efficiency of tho gear. 
Tho drive is taken through tho hovel-box to 
the belt pulley M, tho latter being of such a 
diameter that it tends to drive tho pulley N 
keyed to the driving shaft B at from 3 to 
5 per cent higher speed than it is actually 
making. In this way, by the frictional slip¬ 
ping °f the belt over tho surfaco of tho pulley 
keyed to the shaft B, all tho power trans¬ 
mitted through tho gear, with the exception 
of that lost in friction of tho bevel-gear and 
shaft-journals, is returned to the driving-shaft. 
The system constitutes, therefore, a power 
circuit, and all that is necessary to be supplied 
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ffitm outsklo sources is the total loss due to 
Mio friction nt the whole machine. This loss 
is supplied by a belt drive to the cone pulley P 
Irofii a Ii>-b.p. petrol motor. It is arranged 
(hat the tension in the belt connecting the 
pulleys M and N can be adjusted over a wide 
range, an increase in the belt tension causing 
11,11 bieroiiso in the pressure between the teeth 
" worm and worm-wheel, and therefore 

an increase in the torque. In the machine 
described the pressure between the teeth 
could be increased to a value corresponding 
with n, transmission of 100 h.p. 

t ){/. 48 shows in detail the method of sup¬ 
porting the gear-box. It is held by means of 
tlm hall-bearing GC in the cradle A, which can 
itself rotate through a small angle by rolling 
in the ball-bearing rollers B and B. 

Tlie lubricant contained in the tank shown 
in 48 is fed into the top of the gear-box 

by moans of a rotary pump, and leaves by 
means of the pipe K, the hole in the side of 
the box being about on a level with the top 
nl tho worm. The temperature of the oil 
entering and leaving the gear is taken by 
thermocouples. It was estimated that in the 
experiments the absolute accuracy of the 
oflUsionoy obtained was within 0-2 and 0-3 
per cent of the true value, and the agreement 
of the readings was within 01 per cent. A 
dilTerence corresponding to Ol per cent in the 
eflioiimey could easily be detected when the ap¬ 
paratus was running smoothly. The gears tested 
wore of the Hindley type, cut by the Daimler 
f’ompany on Mr. Lanchester’s principle, by 
menus of which a high efficiency of transmission 
is scoured even under extremely heavy loading 
of tho lubricated surfaces. In the tests to be 
described the mean pressure on the surface 
ranged from 1| to 2 tons per square inch, and 
(vlUoiencioH of 97 per cent were obtained. 

A brief description of the results obtained 
with various lubricants may be given. 

In carrying out the tests it was found that 
starting with the lubricant at the normal 
lem pern.tu re of tlie room the heat developed in 
friction at tho surfaces of the worm and wheel 
wan such that the temperature of the oil in tlie 
receiver gradually increased, thus enabling a 
consecutive series of observations to be carried 
ou t at gradually reduced values of the viscosity. 

(ii.) JSxperirnental Results. — A complete 
series of efficiency tests at temperatures of the 
lubricant ranging from 15° C. to 75° C. were 
carried out on the following samples of oil: 



1'FFF Cylinder. 

Mineral 

. . -! Bayonne. 

| Victory Red. 

Animal 

/ Trotter (a substitute 
■ ‘ I for lard oil). 

Vegetable . 

/ Rape. 

' \ Castor. 

Fish 

. . Sperm. 

von. x 



The more important physical properties of 
these oils will be seen from the following 
tables giving the results of determinations 
made at the National Physical Laboratory: 

Table II 

Density and Viscosity at 20° C. 



Viscosity. 

Density 

Density. 

Viscosity 

Castor . 

7-8 

•95 

7-5 

Rape 

•99 

•91 

•90 

Trotter . 

•98 

•91 

-89 

Sperm . 

•38 

•88 

•34 

FFF Cylinder 

22-1 

•89 

19-6 

Bayonne. 

1-8 

•90 

1-6 

Victory Red. 

12-9 

•941 

12-2 


Table III 

Variation oe p/p with Temperature 


Temp. ° 0. 

1 

u 


Trotter. 

m 

Es, 3 

O 

Bayonne. 

|1 

5 


2-02 

2-42 



12-7 


10 


1-50 

1-56 

1-13 


6-40 


15 

12-75 




39-39 

. . 

23-15 

20 

7-84 

•99 

•98 

•38 

22*1 

1-8 

12-0 

30 

4-32 

•68 

•61 

•27 

8-6 

•93 

4-5 

50 

1-08 

•35 

•29 

•15 

2-4 

•37 

1-0 


f -49 

•17 

■16 


•94 

-18 

•38 

70 


•12 

•11 


•49 

-- 



Table IV 

Values of Flash-points. Surface Tensions, 
and Specific Heats , 



Flash¬ 

point 

Surface 
Tension, 
Dynes 
per Cm. 

Specific 

Heat, 

C.G.S. 

Units. 

Castor . 

400 

37-0 

•508 

Rape 

405 

36-6 

•488 

Trotter . 

353 

38-3 

•483 

Sperm . 

300 

38-3 

•493 

FFF Cylinder 

500 

36-7 

•476 

Bayonne. 

375 

36-1 

■460 

Victory Red 

274 

38-5 

•423 


(iii.) The Critical Temperature .—In the case 
of all the mineral oils tested it was found 
that when a certain temperature of the oil 
had been reached, called the. “ critical tem¬ 
perature,” the running of the gear became 
decidedly unsteady, and a marked increase 
in the rate of fall of efficiency with tempera¬ 
ture was observed. Experiments beyond the 
critical temperature were continued until it 
was considered that the test could not he 
carried further without injuring the gear. In 
the case of animal and vegetable oils, no 

2 c 
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critical stage was reached at temperatures 
below 75° C., beyond which the tests were not 
carried. 

(iv.) Conclusions .—The general nature of 
the results at a mean pressure on the teeth 
of 1-| ton per square inch are indicated by 
the curves in Fig. 49, of which the ordinates 
are the values of the efficiency of transmission 
and the abscissae the values of the temperature 
of the lubricant. 

It will be seen that at atmospheric tempera¬ 
ture the efficiencies of the four fixed oils are 
appreciably higher than those of the mineral 
oils, but that in all cases the efficiency is 
remarkably high, varying from 93-5 for the FFF 
Cylinder to 95-5 for the fixed oils. When the 
temperature exceeds 30° the extreme range in 
the efficiency is not so large as at 20°, and 
this relative performance is maintained up to 
about 47° C., at which the critical point of 
the Bayonne oil is reached and its efficiency 


absolute viscosity of the lubricant instead of 
temperature. It will be seen that throughout 
there is no indication that the frictional resist¬ 
ance of the gears is even approximately pro¬ 
portional to the viscosity of the lubricant 
employed, as would be the case if the surfaces 
were separated by a film of oil of measurable 
thickness. This conclusion is strikingly veri¬ 
fied in the comparison of the results for Cast) >v 
and Trotter oils. At 40° 0. the viscosity of 
Castor oil is approximately six times that of 
Trotter, but in the tests at this temperature 
the frictional resistances wore approximately 
the same. As regards the effect of pressure, 
it was found that there was an appreciable 
increase (2 per cent) in efficiency obtained by 
raising the pressure from 1-5 to 2-0 tons per 
square inch, and further there was an increase 
of 1 per cent in the efficiency by raising the 
speed of the worm-shaft from GOO to 1500 
r.p.m. 



falls rapidly. The critical point of the Victory 
Red oil is not so well defined, but would 
appear to be approximately 50° G. The per¬ 
formance of the FFF Cylinder, however, 
remains remarkably constant up to a tem¬ 
perature of 17° C., when a very rapid break 
in the behaviour of the oil was noted, and the 
efficiency fell, as in the case of the other 
mineral oils. The behaviour of the Sperm 
oil was somewhat abnormal, as the efficiency 
appeared to form continuously from 20° to 
60° and then remained steady. There was, 
however, no sign of a critical point having 
been reached. There can be no doubt that 
the relative superiority of the fixed oils is 
due to the absence, within the range of 
temperature obtained, of a critical point. 
The fact that the critical points of two of 
the mineral oils were reached at a tempera¬ 
ture of 50° C. would have an important 
bearing on their practical value as lubricants, 
since sueh temperatures are not uncommon 
in internal combustion engines and turbine 
lubrication. 

In Fig.. 50 are exhibited the results of the 
same series of tests plotted on a base of 


(v.) Effects of Mixture.—A b practical experi¬ 
ence showed that the lubricating value of a 
mineral oil could be increased by adding a, 
certain proportion of animal or vegetable oil 
to it, some experiments on various mixtures' 
were made. It was found that the addition of 
Rape oil in any proportion to tlm mineral oils 
did not appear to increase the efficiency very 
appreciably—an increase of 02 per cent wiis 
noted—hut the critical temperature of the 
oil to which the addition of Rape was made 
was raised considerably. This effect of raising 
the critical temperature could bo obtained with 
the addition of as small a quantity of Rape 
as 2-} per cent, and increasing this amount up 
to 25 per cent did not appear to make any very 
marked improvement as regards changing the 
critical point. The general, effect of varying, 
the percentage of Rape oil added to a mineral 
oil is shown in Fig. 51. Experiments were 
also made on the effect of adding Castor oil 
m various proportions to a mineral oil, and 
similar results to those observed in the ease 
of Rape were obtained. To determine whether 
the beneficial effect of adding the fixed oil 
to the mineral oil was duo to the fatty acids 
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contained in the fixed oil, the following com¬ 
parative tests were made : 

(1) Tests on Bayonne oil alone. 

(2) Tests on Bayonne, oil with 10 per cent 
of acid Rape added. 

(3) Tests on Bayonne oil to which 10 per 
cent of Rape oil, from which the fatty acids 
had been removed, was added. 

(4) Tests on Bayonne oil to which 1-0 per 
cent of Rape oil fatty acids had been added. 

The results are shown in Fig. 52. It will be 
seen that the effect of adding 1 per cent of 
fatty acids to the Bayonne is to produce a 
marked improvement in the efficiency and to 
raise the critical point from 47° C. to 57° C. 
The addition of the Rape oil from which the 
fatty acids had been extracted produced, on 
the other hand, practically no improvement. 
The general results of the tests may therefore 
be taken as confirmatory of the hypothesis 
that the fatty acids in the fixed oils are the 
main factors in the relatively greater lubri¬ 
cating efficiency of these oils. 

A series of experiments was also under¬ 
taken to determine the effect of adding 
deflocculated graphite to the oils. This is 
a special preparation of graphite in a finely 
divided state which when mixed with oils 
forms a colloidal mixture called “ Oildag,” 
from which the graphite cannot be separated 
by mechanical means. The general effects 
of adding Oildag to the lubricants was as 
follows : 

Trotter and Rape. — General lubricating 
efficiency unaffected by the addition. 

Castor. —A small rise (about 0-5 per cent) 
in the efficiency due to the addition w r as 
observed. 

Bayonne. —The temperature efficiency curve 
did not show the characteristic critical point, 
the efficiency falling gradually with rise of 
temperature up to 80° C. 

FFF Cylinder. —A small increase of effici¬ 
ency (0-2 to 0-4 per cent) due to the addition, 
and a rise of the critical point from 72° C. to 
90° C. w r as noted. 

Victory Red. — The critical period was 
smoothed out and a rise in the efficiency of 
about 0-5 per cent was noted. 

The general results showed that the addition 
of the Oildag was to reduce appreciably the 
differe.nces between the mineral oils and to 
bring their lubricating efficiencies to nearly 
the same value. 

Oildag appears, therefore, to have the effect 
of rendering an inferior mineral oil as good a 
lubricant as a superior one in that it not only 
raises the lubricating value of an inferior oil, 
but considerably reduces the rate of fall of 
efficiency w r hich usually occurs at tempera¬ 
tures above the critical value. 

(vi.) Tests on the Addition of Flaked Graphite 
to the ■Lubricants. —The results of the use in 
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the testing gear of a mechanical mixture of 
oil and graphite in a finely divided state was 
also tried. In these experiments the graphite 


The results broadly indicated that tho 
addition of graphite to the oils tested lias a 
small but appreciable beneficial effect on their 



fig. 51. 


was maintained in suspension in the oil by 
the churning action of the pump and gears, 
but when the test was stopped it settled out 
and was deposited on the surfaces of the gear 
and casing. 

The results of the tests showed that the 
effect varied with the nature of the oils used. 
In the case of the Trotter and Bayonne oils 
a marked improvement in efficiency due to 
the addition of the graphite was found, but 


the Castor and Victory Red oils were not 
materially affected. In the FFF Cylinder oil 
the critical point was raised by 18° C. 

It was observed, however, that the rate of 
wear of the worm-wheel was considerably 
greater with the flaked graphite than when 
normal oils or normal oils with Oildag were 
used. 


lubricating properties, but it is not certain 
that this would bo the case with all oils. 

V. The Friction op Dry Solid Surpachch 
§ (31) Laws op Friction. —As would bo 
expected from the imperfect knowledge of tho 
molecular and molar actions which take place 
at the surfaces of separation of solid bodies 
in contact, the nature of tho surface action in 
still obscure and, in consequence, tho so-oallocT 
laws of solid friction 
arc largely empirical. 
Further, it is now re¬ 
cognised that those lawn 
are only rough approxi¬ 
mations owing to tho 
fact that the experi¬ 
ments upon tho resultH 
of which they are based 
were, for tho most part, 
made on surfaces which 
wero not clean and were 
usually eontamin atod 1 >y 
tho presence of some 
fluid moisture, tho pron- 
eneo of which materially 
affected tho Motional 
resistance. 

In tho case of two 
solid bodies in contact 
over a surface the com¬ 
ponent of any external 
force tending to oauHO 
relativo motion of the 
two bodies by sliding over this surface i« 
exactly balanced by the frictional resistance 
between the surfaces up to a certain limiting 
value of the external force, and if this value 
is exceeded, sliding of the bodies takes place. 

The fundamental law of solid friction is that 
this limiting value of the frictional resistance 
is a definite fraction of the normal force with 
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which the surfaces in contact are pressed 
together. 

)Coefficient of Friction: Angle of Repose ,.— 
The value of this fraction is called the co¬ 
efficient of friction/, and depends on the nature 
of the surfaces. For example, in Fig. 5 3 let 
NY be the trace of the surface of contact, 
and let P, inclined at an angle 0 to the normal, 
be the resultant force 
exerted on one body 
by the other body. 

Then the force with 
which the bodies are 
pressed together is 
P cos f and the lateral 
force tending to make 
them slide over each other is P sin 0. Now 
by the law of solid friction P sin 0 cannot 
exceed P cos 0 without sliding taking place, 
and therefore at the instant of sliding 



Fig. 53. 


P sin 0 =/P cos 0 
or /=tan0. 

It follows, therefore, that the greatest angle 
of obliquity of the resultant pressure to the 
normal to the surfaces is the angle whose 
tangent is the coefficient of friction. This 
angle is called the angle of repose, and a know¬ 
ledge of its value for various substances is 
important in. the design of engineering 
structures. The following table is commonly 
used by engineers, and is based on that drawn 
up by General Morin after very extensive 
investigations: 


Table I 



/• 

0. 

Dry masonry and brick-1 
work 1 

0-G-0-7 

31°-35" 

Timber on stone . . . 

About 0-4 

22° 

Iron on stone 

0-7-0-3 

3fi°-10'6° 

Timber on timber 

O-G-O-2 

2G°'G-n° 

Timber on metals 

O-G-O'2 


Metals on metals . 

0-25-0-15 

14°-8 0, 5 

Masonry on dry clay 

0-51 

27° 

Masonry on wet clay 

O'33 

18° 

Earth on earth . 

0-25-1 *0 

14°-45° 


When once sliding has taken place "the 
frictional resistance may retain the value 
which it had at the instant sliding began, or, 
as is commonly the case, its value may bo 
appreciably reduced and take up a value which 
depends on the relative velocity of the surfaces. 
It will be clear, therefore, that between the 
surfaces of solids in contact there may bo two 
kinds of friction, (1) the frictional resistance 
before sliding takes place, and which may have 
any value up to the limiting resistance depend¬ 
ing on the normal pressure and the coefficient 
of'static friction, and (2) the frictional resist¬ 
ance when sliding, in which the coefficient of 
friction may be smaller than the statical 


coefficient, and which may also depend to 
some extent on the motion. 

§ (32) Static Friction. — The subject of 
static friction is of considerable importance 
in the theory of the stability of engineering 
structures, and has received much attention 
on account of its wide application in civil 
engineering practice. In the design of struc¬ 
tures consisting of masonry and brickwork, 
it is assumed that the pieces are in con¬ 
tact over the plane surfaces which constitute 
the joints, and that the mortar or cement used 
for bedding the surfaces together is incapable 
of resisting any forces other than compression 
and friction. It is obvious, therefore, that an 
essential condition for the stability of the 
structure is that the obliquity of the pressure 
should at no joint exceed the angle of repose 
for the materials. 

As an illustration of the application of the 
data of Table I. the 
stability of the 
buttress in Fig. 54 
may bo calculated. 

This is supposed 
to be made of 
strong brickwork, 
weighing 112 lbs. 
per cubic foot of 
the dimensions 
given in the cross- 
section, and of a 
uniform width of 
5 feet. The but¬ 
tress has to sus¬ 
tain two inclined 
thrusts applied to 
it at the points in¬ 
dicated, the upper 
one being the thrust of a roof principal which 
is 5 tons, inclined at an angle of 30° to the 
horizontal, and the lower one the thrust of an 
arch which, is 8 tons, inclined at an angle of 
15° to the horizontal. It is evident that the 
joints which are most liable to slide are GH, 
where the thrust of the roof is applied, and 
the joint immediately below the point of ap¬ 
plication of the arch-thrust which is at EF. 
If those joints are secure the stability of the 
others need not be investigated. Considering 
the joint GH, the lateral force tending to cause 
sliding is 5 cos 30=4-32 tons. The weight of 
the buttress above GH is 2T0 tons, which, 
added to the vertical component of the thrust, 
gives a total normal pressure on the joint of 
24-1 tons. The maximum resistance to sliding 
may bo calculated from the value of f for 
brickwork, which from the Table in § (31) is 
seen to bo -6, and is therefore 14-4 tons, or 
more than three times the actual lateral force. 
The joint is therefore safe. 

Again, taking the joint EF, the total 
lateral force on the buttress above EF is 
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5 cos 30+8 cos 15 = 4-32 + 7-75 = .12-07 tons. 
The weight of the buttress above EF is 44-3 
tons, which, added to the vertical components 
of the two thrusts, gives a total normal press¬ 
ure on the joint of 48-8 tons. The maximum 
resistance to sliding is therefore -6 x 48-8 or 
29-3 tons, or more than twice the lateral force 
due to the thrust. The buttress is therefore 
safe as regards lateral movement. To complete 
the investigation it would, of course, he neces¬ 
sary to consider the resistance of the buttress 
to overturning or crushing at any joint. 

§ (33) The .Frictional Stability of 
Earth. 1 —A structure of earth, whether pro¬ 
duced by excavation or embankment, pre¬ 
serves its figure partly by the friction between 
its grains and partly by means of their mutual 
cohesion. It is by cohesion that a bank of 
earth is enabled to stand with a vertical face for 
a few feet below its upper edge, whereas friction 
alone would make it assume a uniform slope. 

The cohesion of earth is, however, gradually 
destroyed by the action of air and moisture, 
so that its friction alone is the only force which 
can be relied upon to produce permanent 
stability. It is therefore customary to treat 
the stability of a mass of earth as arising wholly 
from the mutual friction of the grains, and to 
take as the basis of .all investigations on 
stability the principle that the resistance to 
displacement by sliding along a given plane 
in a loose granular mass is equal to the normal 
pressure exerted between the parts of the mass 
on either side of that plane multiplied by 
a specific constant. This constant is the 
coefficient of friction of the mass and is the 
tangent of the angle of repose. 

Now in a granular mass any plane whatever 
may be considered as a plane joint, and hence 
it follows that the condition for the stability 
of a granular mass is that the direction of the 
pressure between the portions into which it 
is divided by any plane should not at any 
point make with the normal to that plane 
an angle greater than the angle of repose. 

Again, it follows, from a consideration of 
the -distribution of internal stresses in a solid, 
that the plane at any point of it on which the 
obliquity of the pressure is greatest is perpen¬ 
dicular to the plane which contains the axes 
of greatest and least pressure, so that the 
pressure of greatest obliquity and the greatest 
and least pressures are all parallel to one plane. 
The relation between them may therefore 
be obtained from the stress ellipse of a body 
subject to pressures parallel to one plane, the 
equation of which is P 2 = a 2 sin 2 a+6 2 cos 2 a, 
where P is the stress on a plane whose 
normal is inclined to the axis of y at an 
angle a, and a and b are the maximum and 
minimum stresses. Thus, in Fig. 55, let 
0A— a, 03—b, and let zz be a plane whose 
1 See Eanldne’s Applied Mechanics, p. 212. 


normal makes an angle 0 with OM where OM 
represents the stress on zz. The angle MOQ 
therefore represents the obliquity of the stress 
on zz. Also, if R is the middle point of PQ, 

PQ = o-6, RP=RQ=RM=^, 



and evidently the angle MOQ is a maximum 
when RM is perpendicular to OM, and then 

Maximum angle of obliquity = sin “ 1 

and in that case OM 2 = ( a + 6/2) 2 - (a - b/2)- - ab, 
or stress on zz — slab. 

Again, for any value of the obliquity, we 
have, if OM=p, 

/ a-b\ 2 /a + b\ 2 „ /a + b\ 

\~2~) = (2. ) +*"-2(-g-j j peo S 0, 

or - ab =p 2 - (a + b)p cos 0, 

which gives the relation between the maximum 
and minimum stresses and the stress whose 
obliquity to the plane 
on which it acts is 0. 

Now in the case of a 
mass of earth whose 
upper surface is either 
horizontal or inclined 
to the horizontal at a 
definite angle,- it is 
clear that on any plane 
parallel to the surface, 
and whose depth below 
the surface is small compared with the lateral 
dimensions of the surface, the pressure is 
vertical and of a uniform intensity equal to 
the weight of the vertical prism standing on 
unit area of the given plane. 

Further, it follows that the stress on any 
vertical plane parallel to the horizontal trace 
of the first plane must bo in a direction 
parallel to this plane, for considering the 
equilibrium of a small prism 
ABGD (Fig. 66) whose centre 
is at 0 and whoso faces are 
parallel to XOX and YOY, 
it is evident that the forces 
exerted by the other parts of 
the mass on the faces AB 
and CD are direotly opposed 
and that they are inde¬ 
pendently balanced. The 
forces on AC and BD aro therefore independ¬ 
ently balanced, which cannot bo the case unless 
their direction is parallel to YOY. Stresses 
related in this manner aro said to be conjugate 
stresses, and it is evident that their obliquities 
to the planes on which they act are the same. 

If, therefore, we consider in Fig. 55 another 
stress p' which is conjugate to p, i.e. O'—O, we 
have 



Fra. no 


a + b _ p +p' 
2 ~2cos0’ 


and 


A 


p+j? 
2 cos 


7 


•pp 
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Also, if 0 be the maximum obliquity, it follows 
that, since 


(p + p'Y*_coa 2 0 
&pp' ~COS 2 0’ 

i.e. p and p' are the roots of the quadratic 
P 2 - 2P cos 6 + cos 2 0=0, 

p' cos 8- s! cos 2 6 - cos 2 0 
or = . -— 

V cos 6 H- vcos- 0 - cos* 0 

Applying this condition to the equilibrium 
of a mass of earth in which one conjugate 
plane is a plane parallel to the surface of the 
earth and at a depth h below it, it is evident 
that the pressure per unit area of this plane is 
wh cos 0, where w is the weight per cubic foot 
of the earth and 0 is the inclination of the 
surface to the horizontal. The pressure on 
the other conjugate plane, which is vertical, 
is, as we have seen, parallel to the surface, 
but as regards its magnitude it may be either 
the greater or the smaller of the two con¬ 
jugate pressures; i.e., calling this conjugate 
pressure p, the value of p may be either 

. .cos 0- J cos 2 D - cos 2 0 

wh COS 0 --fesc=DSas=jA 

COS 0 4- s/COS" O - COS“ 0 


v .. cos 0 + J cos 2 0 - cos 2 0 

Wh COS 0 - —-T==S»====S=SSSS|S=.. 

cos 6 - vcos- 6 - cos 2 0 


To find which value to take in any spocial 
case, recourse is had to a statical principle 
known as Moseley’s Principle of Least Resist¬ 
ance, Avhich is stated as follows. 1 If the forces 
which balance each other in or upon a given 
body or structure he distinguished into two 
systems called respectively active and passive, 
which stand to each other in the relation of 
cause and effect, then will the passive forces 
be the least which are capable of balancing the 
active forces consistently with the physical 
condition of the body or structure. 

This proposition may be regarded as self- 
evident, since the passive forces being caused 
by the application of the active forces to the 
body or structure will not increase after tho 
active forces have been balanced by them, 
and will therefore not increase beyond tho 
least amount capable of balancing the active 
forces. 

• In a mass of earth loaded with its own 
weight the gravity of the mass is evidently 
the active force and the lateral pressure the 
passive force, and, therefore, the latter will 
have the least value which is consistent with 
the conditions of stability. In the case, 
therefore, of a bank of earth with a plane 
.upper surface, the pressure parallel to the 

1 Ranldne’s Applied Mechanics, p. 215. 


steepest declivity on a vertical plane at a point 
distant h below tho surface is 


wh cos 0 


cos 6 - J cos 2 6 - cos 2 0 
cos 0 + \/cos 2 i) — cos 2 0 


or, if the ground surface be horizontal, 

, 1 - sin 0 
wh, , . . 

1 + sm 0 

To find the resultant pressure against a 
vertical piano of depth II below tho surface 
it is evident that, since tho pressure is directly 
proportional to the depth, we may apply the 
ordinary rules of hydrostatics, from which tho 
centre of pressure is two-thirds of tho total 
depth from the surface and tho resultant force 
is 

mjH 3 cos 0 - \/cos 2 0 - cos 2 0 

2 cos 0 + J cos 2 0 - cos 2 0 


§ (34) Cask of the Supporting Power of 
Earth Foundations, (i.) Theory .—In the 
case treated above the conjugate pressure 
was caused solely by the vertical pressure 
due to the weight of earth above the point 
considered, and its value was therefore tho 
smaller of the two conjugate pressures. 

It is evident, however, that this conjugate 
pressure may be increased beyond this least 
amount by the application of the pressure of 
an external body—for example, the weight 
of a building founded on the earth. In this 
case the conjugate pressure will be the least 
which is consistent with the vertical pressure 
due to tho weight of the building, and if that 
conjugate pressure does not 
exceed the greatest con¬ 
jugate pressure consistent 
with the weight of the earth 
above tho stratum on which 
the building rests, tho mass 
of earth will be stable. The 
most important case in 
practice is when the surface 
of the ground is horizontal. 

Thus, in Fig. 57, lot p be 
the intensity of the pressure 
on a horizontal stratum duo 
to tho weight of the building. Then tho 
horizontal conjugate pressure p', being tho 
passive force, is given by 



Fig. 57. 


. 1 - sin 0 

^ +sin 0' 

The effect of p' is to cause an upward thrust 
on the earth immediately above the footings 
of tho foundations, and calling this p", then 
since p” is also a passive force, 


,1 - sm 0 

p"~p '——— 

1 -i- sm 0 

Now p" -wh, where w is the weight per oubic 
foot of the earth and h is the depth of the 
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foundation below the surface of the ground, 
and therefore 


P=P" 


/ 1 + sin 4> \ 
\l-sin <p) 


—wh 


/1 + sin </> \ 
\1 — sin (f)J 


2 


It is evident that, if h has a less value than 
that given by this relation, there will be a 
tendency for the building to sink into the 
ground by forcing the earth upwards. 

h, therefore, is a minimum value to the 
depth of the foundations. 

Again, if the depth is such that there is a 
tendency for the earth pressure to overcome 
the pressure due to the weight of masonry, 
as in the case of the floor of a dock before 
the water is admitted, then p" is the active 
force, and 



The value of h determined from this relation 
gives a maximum which cannot be exceeded 
without danger of the masonry being forced 
upwards. 

In applying this formula it must be remem¬ 
bered that by hypothesis the lateral extent 
of the mass of earth is large compared with 
the depth. "When, this is not the case, as in 
the region at the back of a retaining wall, the 
frictional resistance of the wall will affect 
the pressure distribution. It has been shown 
by Boussinesq 1 that at a distance x from 
the face of the retaining wall, if 0 be the 
angle of friction between wall and earth, and 
<x 2 = l-sin </>/l + sin </>, then for x less than 
ah the 

rr • wih + x tan 0)a a 

1 + a tan 0 

TT ,. . w(A + a;tan0) 

Vertical pressure = . , „ '• 

1 1 + a tan 0 

The ratio of the pressures is a 2 as in 
Rankine’s theory. When a- = 0 the horizontal 
and vertical pressures become wha 2 /l + a tan 0, 
vihjl + a tan 6, and the tangential force on the 
face is evidently ivlur tan 0/1 + a tan 0. 

(ii.) Experimental Verification. —The limits 
of accuracy in practice of the Ranldne formula 
has been the subject of several very careful 
experimental investigations, and it has been 
found that provided the material is perfectly 
free from moisture the accuracy is remarkably 
high. Thus in some experiments by Wilson 2 
on dry sand, the following results were obtained 
from direct observations of the ratio of the 
pressures, and by calculation of the ratio 
from the observed angles of repose of the 
sand. 

1 Minutes of Proceedings Inst. C.E. Ixv. 214. 

2 Proc. Inst. Civil Engineers, 1901-2, cxlix. 


Table II 


Dry Sand 



Kublu of I’ratmm 



Maximum. 

Minimum. 

JVIfiitt. 

By Ranldne theory 
By experimental j 

0-339 

0-290 

0-320 

measurement of 1 
the pressures J 

0-330 

0-305 

0-319 


In these experiments the values of the 
angle of repose were obtained in two ways, 
one by placing the sand in a heap and subject¬ 
ing it to vibrations until tho surface hud taken 
up a definite slope, and tho other by placing 
the sand in a box with a sliding end which 
was opened gently after tapping. Tho ex¬ 
treme variation in the value of the observed 
angle of repose by those methods wan from 
30°*() to 32° 53'. 

The pressures were obtained by placing 
the sand in a cast-iron cylinder 11J inches 
in diameter, 14 inches deep, provided with 
movable pistons at tho top and bottom cuds, 
the pistons being compressed between tho 
platens of a 100-ton testing machine, In 
this way pressure equal to that due to a depth 
of 1341 feet was obtained. The instrument 
used for measuring the pressure consisted, of 
two steel discs of 3 inches diameter, separated 
by a ring, and containing mercury, tho dis¬ 
placement of which due to the pressure was 
noted. By placing this alternately parallel 
to, and at right angles to, tho direction in 
which the external pressure was applied, it 
was possible to determine tho ratio of the 
two externally applied pressures which gave 
the same displacement of the mercury and, 
therefore, the, same pressure on tho gauge. 
From tho fact that the relation between tho 
load and gauge indications for any position 
was a linear ono, it followed that tho ratio of 
the two loads was equal to tho ratio of tho hori¬ 
zontal and vortical pressures for tho same load. 

§ (35) Effkot of Moisture on tjiio Stab¬ 
ility of. Earth. —It is well known that the 
effect of moisture is to increase the cohesion 
and henco the stability of earth and sand. 
This is due to tho surface tension of the 
film of water separating the grains, tho amount 
of the traction depending on (ho amount of 
moisture. It was found by Wilson that, 
commencing with sand initially dry, tiro force 
between the grains increased with tho per¬ 
centage moisture up to a certain point and 
then decreased, but so long as tire interstices 
were not entirely filled with water there was 
still some tractive force, and hence tiro ratio 
of horizontal to vertical pressure ah mild lie 
less than that for dry sand. On carrying out 
a series of experiments on sand containing* 
varying percentages of moisture in tho uppar- 



FRICTION 


393 


atus described above, Wilson fully verified 
these conclusions, the ratio of the pressures 
corresponding to the varying degrees of 
moisture being as follows : 


Table III 
Wet Sand 



Percentage of Water. 


0 . 

0 . 

12. 

17. 

Mean ratio of liori-1 
zontal to vertical V 
pressure J 

•319 

•221 

•212 

•280 


It is of interest to note that the minimum 
value of the ratio is obtained when the 
interstices are half filled with water. It is 
clear, therefore, that in the design of masonry 
dams or retaining walls to withstand earth 
pressure, the use of Rankine’s formula with 
a value of the angle of repose determined 
from experiments on the dry material will 
give a result which is on the safe side. 

§ (36) The Kinetic Emotion of Dry 
Solid Surfaces. —As mentioned above, when 
once sliding has commenced between the 
surfaces of two bodies in contact, there is in 
the majority of cases a sudden fall in the 
amount of the frictional resistance so that the 
coefficient of kinetic friction for two substances 
is usually less than the coefficient of static 
friction. Jenkin and Ewing 1 have shown that 
for hard substances such as steel on steel the 
two coefficients are equal, but when one or 
both surfaces are of relatively softer material, 
such as brass or greenheart, the coefficient of 
kinetic friction is less than that of static. 
They also found that when the two co¬ 
efficients differ, the change, at low speeds at 
any rate, is not instantaneous at the instant 
at which relative motion begins, but takes 
place gradually and without discontinuity. 
Cases have been noted by Kimball in which 
the coefficient of kinetic friction is greater 
than that of static friction. Leather on cast 
iron appears to be an instance of this. A 
marked falling off in the value of the coefficient 
of kinetic friction as the relative speed of 
sliding is increased appears to bo a universal 
characteristic of dry sliding surfaces. There is 
also in many cases a further progressive fall in 
the value of the coefficient with time which is 
probably due to the abrasive action of the sur¬ 
faces tending to produce greater smoothness. 

(i.) Experiments on Brake Blocks ,—Both of 
these characteristics are noticeable in the 
results of Captain Galton’s 2 experiments on 
the frictional resistance of cast-iron brake 
blocks on steel waggon wheels, as will bo 
seen from Table IV. 

1 Phil. Trans. R.S. clxvii., Part ii. 

2 Engineering, xxv. 469. 


Table IV 


Relative Velocity 
of Brake aiul Wheel 
in Miles pur Hour, 

Couilioient of Friction. 

First 3 
Seconds. 

5 to 7 
Seconds, 

12 to 10 
Seen ml b. 

24 to 25 
Seconds. 

60 

•062 

•054 

•048 

•043 

50 

•10 

•07 

•056 


40 

•134 

•10 

•08 


30 

•184 

•111 

•098 


20 

•205 

•175 

•128 

•07 

10 

•32 

•209 



5 

•36 





A similar reduction in resistance due to 
increase of speed was found in Captain Galton’s 
experiments on the frictional resistance of 
locomotive driving wheels on steel rails. 
These results are shown in Table V. 


Table V 


Sneed 
in M.P.H. 

Coefficient 
of Friction. 

Si>ml 
in M.l’.H. 

Coefficient 
of Friction, 

10 

•ii 

38 

•057 

15 

•087 

45 

•051 

25 

•08 

50 

•04 


It may bo remarked that similar speed 
effects in the case of locomotive driving 
wheels on steel rails was found by M. Poiree, 
but the actual values of the coefficients were 
about twice those given in the table. This 
difference was probably duo to the state of 
the atmosphere during the trials, which is 
known to have a considerable effect on the* 
frictional resistance. A common set of rules 
for driving wheels in different conditions is 
as folknvs: 

Rails very dry—frictional resistance (100 lbs. 
per ton. 

Rails very wet—-frictional resistance 550 lbs. 
per ton. 

Rails in ordinary English weather—frictional 
resistance 450 lbs. per ton. 

Rails in foggy weather—frictional resistance 
300 lbs. per ton. 

Rails in frosty and snowy weather—frictional 
resistance 200 lbs. per ton. 

(ii.) Friction of Woven Fabrics .—In recent 
practice the use of metal as a material for the 
friction surfaces of tlio brake blocks of railway 
carriages and the clutches of motor vehicles 
has been in many cases discontinued owing 
to the discovery that woven fabrics can bo 
made which, when used as linings for brakes 
and clutches, give a higher coefficient of fric¬ 
tion with greater dissipation of heat without 
burning and sparking, and have a much 
greater durability than can bo obtained 
with metals. 

One of these materials is known as tho 
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Ferodo fabric, which consists of layers of 
woven asbestos bonded together in a special 
manner. 

In an extensive series of tests at the National 
Physical Laboratory the following results were 
obtained : 


Material. 

Pressure 
Lbs./Sq. In. 

Work absorbed in 
Ft.-lbs./Sq. In. 
per Minute at 
1000 Ft. per Minute. 

Ferodo fibre . 

60 

39,000 

Ferodo bonded) 



asbestos com- I 

60 

18,000 

pressed J 



Standard . 

50 

15,500 


The value of the coefficient of friction 
obtained and the work absorbed with Ferodo 
fibre at different speeds are given in Table VI. 

It is claimed that the average life of Ferodo 
blocks on the ears and trailers of the London 
Electric Railway is respectively 12,000 and 
22,000 miles as against 8000 for cast-iron blocks. 
With cast iron at £6 per ton, the economy 
per block per 1000 miles is given as 0-75 pence. 
As many as 600 brake applications are made 
by each train per day, the average speed, 
including stops, being 17T7 miles per hour, 


and the average mileage per set of blocks per 
car being 16,416. 

The deceleration averages 5 feet per second 
per second as against 3 feet per second per 
second with metal block. With this increased 
deceleration services have been speeded up 
to 1.];-minute headways during “ rush ” hours. 
The more rapid braking of the trains has 
also led to a higher percentage of coasting 
minutes, the tests showing that coasting is 
as high as 38 per cent of the total running 
time. 

Notwithstanding this high rate of braking, 
there has been an entire freedom from accidents 
to passengers, and there is also a very consider¬ 
able improvement in the tyres, the surfaces of 
which are highly polished, and there is an 
entire absence of cutting and scoring. The 
economy in this respect is shown by the fact 
that the mileage of motor wheels provided 


with Ferodo brake blocks is approximately 
35,600 per ,^-inch radial wear of the tyre 



compared with 7000 in the case of metal 
blocks. 

An illustration of the application of tho 
fabric to a clutch is shown in Fig. 58. 

§ (37) The Transmission of Power by 
Friction, (i.) Belts .—One of the most con¬ 
venient methods of the distribution of power 
from a central supply to a number of small 
machines is by means of 
bolt or rope drives from 
pulleys on a line of shafting 
driven by the prime mover, 
to corresponding pulleys on 
the various machines. 
When tho pulleys are at 
rest and no powor is being 
transmitted, the tensions 
on the two sides of tho 
belt are equal; but when 
the driving pulley com¬ 
mences to rotate, slipping 
of the surfaces of tho 
pulleys over the surface of tho bolt is pre¬ 
vented by friction, and rotation of tho driven 
pulley consequently takes place. Tho relation 
between the tensions 
the belt and tho co¬ 
efficient of friction of 
the belt on the surface 
of the pulley may be 
found as follows: 

Let 0 in Fig. 59 be 
the whole arc of con¬ 
tact of the belt over the 
pulley. Consider any 
element da of the arc 
of the belt of which 
the tensions at the ends are T and T + ST. 
Then if cW be the angle subtended by ds at 
the centre, we have resolving- along the radius 

(T + 5T) sin d ~ + T sin =R, 


Table VI 

Tests on Ferodo Fibre 


Pressure 

Coefficient of Friction. 

Work absorbed in 
Ft.-lbs./Sq. In. per Minute. 

Lbs./Sq. In. 

Speed (Ft. per Minute). 


Speed. 



000 

2900 

5500 

600 

2900 

5500 

16 

•73 

•64 





27 



•56 

. , 


80/000 

29 

•70 

•63 


12,000 



39 


•64 



70,000 



on the two Hides of 
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the normal pressure of the element of belt ds 
on the surface of the pulley. Thus R — TS0. 
Also resolving perpendicular to the radius 

(T + oT) cos ~ — T cos ~ — Friction=,uR = ST. 

We have therefore rfT=/xR = fiTclO, whence 
by integration over the whole arc of contact 
T 1 /T 2 =e' x0 . 

For leather belts worldng on iron pulleys 
p, has been found to range from 0-3 to 0-4. 
For wire rope running at the bottom of a 
grooved pulley y=0-15. A common value 
for 9 in the case of leather belts is 2-5 radians. 
Taking y = 0-3 this' gives TJT. i -—2, or the 
tension on the tight side is twice the tension 
on the slack side. For approximate calculation 
of the size of a belt to transmit a given horse 
power TjMV/2 x 33,000 = H.P. transmitted 
where V is the velocity of the surface of the 
pulley in feet per minute, b is the breadth 
and t the thickness of the belt in inches, and 
Tjl is the maximum working tension of leather, 
which may be taken as equal to about 320 lbs. 
per square inch. 

(ii.) Effect of Slipping .—Belts are not used 
in cases in which a very exact velocity ratio 
between the driving and driven "shafts is 
essential, on account of the tendency of the 
belt to slip over the surface of the pulley. 
There is also a definite amount of slipping 
which follows as a consequence of the elasticity 
of the belt. The amount of this slipping may 
be estimated as follows. The actual mass of 
the belt which passes any fixed point either 
on the tight side or the slack side in unit 
time is the same. Let l 0 be the length of 
this mass when the tension is zero, and let b, t 
and E be the breadth, thickness, and modulus 
of elasticity of the belt. Also let Tj, and T a 
be the tensions on the tight and slack sides 
of the belt. Then on the tight side the length 
passing any fixed point in unit time will be 
Z 0 (l -|- Tj/tfE) and on the slack side the 
corresponding length will be l 0 {l + TJbiE), 
and it is evident, therefore, that these numbers 
will represent the velocities of the belt on the 
tight and slack sides, i.e. the velocities on the 
two sides will be in the ratio of (1 + T\/ME) 
to (l + To/6fE). Further, it is easy to show 
that the velocity of the surface of the driving 
pulley must be equal to that of the tight side 
of the belt, and that the velocity of the surface 
of the driven pulley must be equal to that of 
the slack side of the belt. Thus the belt 
comes on to the surface of the driving pulley 
at tension Tj. and leaves it at a lower tension 
T a . It has therefore contracted while in 
contact with the pulley, and it is evident that 
the nature of this contraction must be a slip 
against the frictional force exerted by the 
pulley, with the result that the belt continu- 
• ally slips over the surface of the pulley to the 


point where it first makes contact. In the 
same manner the belt, comes on the driven 
pulley at a tension T a and extension takes 
place gradually from the point at which con¬ 
tact begins to the point at which it leaves. 

Now the work delivered to the driving pulley 
is (T\ - To) bt x (velocity of surface of driving 
pulley) and the work communicated to the 
driven shaft is (T\ - T 2 ) bt x (velocity of surface 
of driven pulley), i.e. the efficiency of power 
transmission^(1 + T.,/iiE)/(l -|- TJbt'E), or ap¬ 
proximately 1 - (T ;l - T„)/6iE. 

Ex.— The vnluo of Young’s modulus for leather 
is approximately 20,000 lbs. por sq. in. Assuming 
T 1 =2T 2 , which will bo the case when the coefficient 
of friction is about 0-3 and that the maximum 
working tension of a leather bolt is 320 lbs. per sq. 
in., wo havo 

Efficiency of transmission = 1 - •016=98-4 per cent. 
The amount of slip is therefore 1-6 per cent. 

(iii.) Friction Drive .—Another instance of 
the transmission of power by friction is seen 
in the attempts which have been made to 
substitute a friction drive for the ordinary 
spur gear arrangements commonly adopted 
in motor cars to obtain variable and reverse 
speeds. This has been successfully carried 
out in the well-known “ G.W.K.” motor car, 
in which the friction gear takes the form of a 
metal disc driving a fibre-faced wheel at right 
angles to it, the speed variation being obtained 
by varying the distance of the centre of the 
fibre-faced wheel from the axis of the metal 
driving disc. Reversal of direction can, of 
course, be obtained by moving the driven 
wheel to the opposite side of the disc axis. 

In the case of the “ G.W.K.” ear the driving 
disc is fixed axially, while the driven wheel, 
which is capable of being moved along its 
shaft to obtain the various gears, is pivoted 
at one end and pulled towards the driving 
disc by means of a spring at the other end. 
This is so arranged that the contact pressure 
between the two friction elements is lightest 
on top gear and increases as the gear ratio 
is lowered. This method has an obvious 
advantage over one in which the pressure 
between the wheels is constant at all speeds, 
since the amount of the pressure must bo fixed 
to give an adequate frictional resistance at 
low speeds, and this means that the top gear 
on which 90 per cent of the running is done 
is used with a pressure between the wheels 
about three times in excess of what is necessary. 

The coefficient of friction between the fibre 
material and the polished steel disc used in 
the “ G.W.K.” car is about 0-5. It is found in 
practice that it is safe to allow a peripheral pull 
on the driven wheel of 100 lbs. for each inch 
width of the frictional material irrespective 
of speed. 

It is claimed by the makers of the “ G.W.K.” 
car that frictional transmission, in the case 
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of cars up to 10 or 12 h.p., has considerable 
advantages over the ordinary gear-box in that 
it is much more simple to drive and the cost 
of replacements due to unskilful handling and 
ordinary wear is much smaller. 

§ (38) Rolling Friction.— The resistance 
to the motion of wheels and rollers over a 
smooth plane has sometimes been attributed 
to the inaccuracies of the surface, and it has 
been supposed that if these were removed, the 
resistance would entirely disappear, provided 
that both roller and plane were made of elastic 
materials and the load on the roller were not 
sufficient to cause permanent deformation of 
either surface. It was no doubt some hypo¬ 
thesis of this Idnd which led the earlier experi¬ 
menters on the subject to denote the relations 
which they obtained by the term “ laws of 
resistance to rolling.” 

The researches of Osborne Reynolds 1 have, 
however, shown that in all cases in which 
surfaces roll over each other, an appreciable 
amount of slipping of the surfaces over each 
other takes place and it is the frictional 
resistance to this 
slipping which con¬ 
stitutes the resist¬ 
ance to rolling. 

This may be seen 
as follows: Since 
no material is per¬ 
fectly hard, when 
a heavy roller rests 
on a surface, the 
weight of the roller will cause it to indent the 
surface, and the surface of the cylinder will 
flatten out as shown in Fig, 60. It is evident, 
therefore, that when rolling takes place the dis¬ 
tance rolled through the roller in one revolution 
will not be the circumference of its undisturbed 
surface. For example, suppose that an iron 
cylinder rolls on an indiarubber surface across 
which lines have been drawn at intervals of 
0-1 inch, and that as the cylinder rolls 
across these lines the surface of the rubber 
extends so that the intervals become 0-11 
inch, closing up after the cylinder is past. 
Then the cylinder measures its circumference 
on the extended plane and the actual distance 
rolled through will be one-tenth less than the 
circumference. Hence if, following Reynolds, 
we agree to call the distance which the roller 
would roll through if there were no extension 
or contraction, its “geometrical distance,” 
then, in the case above, the cylinder rolls 
through less than its geometrical distance. 
On the other hand, if we have an indiarubber 
roller rolling on a steel surface and the surface 
of the roller extends 10 per cent in passing 
over the iron surface, it is evident that the 
roller will pass over a distance in one turn 
10 per cent greater than its circumference. 

1 See Phil. Trans. P.S. clxvi. 



Fig. 60. 


It must not be supposed, however, that, if 
the roller and the plane are of the same material 
these effects will balance each other. In the 
case of the flat surface the effect of the materials 
surrounding a depression will bo to stretch the 
material in the depression still further, whereas 
in the case of the rounded surface with a 
small flat on it the material surrounding the 
flat will compress the material in the flat ;uul 
decrease its lateral expansion. The magni¬ 
tude of this latter effect will, of course, depend 
on the smallness of the diameter of tho roller. 
There are thus two independent causes which 
affect tho progress of a cylinder which rolls 
on a plane, the relative softness of the materials 
and the diameter of the roller. Those two 
causes will act in conjunction or in opposition 
according to whether the roller is harder or 
softer than the piano. Thus an iron roller 
on an indiarubber plane will roll through less 
than its geometrical distance, and an india- 
rubber roller on an iron plane will roll through 
a distance more than, less than, or equal to 
its geometrical distance, according to the rela¬ 
tion between its diameter and. softness. 

(i.) Slipping and Rolling. — Tho precise 
nature of the slipping action which takes place 
during rolling is somewhat, complicated and 
is best studied after a 
preliminary considera¬ 
tion of the relatively 
simpler cases of the 
deformation of a soft 
elastic material between 
two parallel plates 
which approach and 
recede from each other without tangential 
motion. 




mm 









FIG. 02. 


Lot Fig. 61 represent the section of a block 
of indiarubber between the two plates when in 
the non-compressed state, and suppose the 
section to he marked with, a series of vertical 
linos at equal in¬ 
tervals apart. 

Lot the plates 
approach each 
other, compress¬ 
ing the rubber, 

which expands laterally. If thoro wore 
friction between tho rubber and plates 
section would remain rectangular as in Fig. 
and the linos would still he equidistant.' 
however, there be a 
frictional resistance 
between the rubber 
and plates which 
resists the lateral ex¬ 
pansion, the section 



will bulge in the middle as shown In Fig. (13. 
The effect of the friction on tho spacing of tho 
lines will be that up to a certain distance, such 
as or, from the centre of the section, the f notion 
will be sufficient to prevent slipping and, thoro- 
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fore, xip to this point the ends of the lines will 
I>r oserve their original distances apart. Beyond 
tiles extremity of or slipping will commence 
mid will go on increasing to the edge of the 
section. .From r outwards, therefore, the 
distance between the ends of the lines will 
continual ly increase. 

If now the surfaces gradually separate again, 
the lines between o and r will assume the 
same forms which they had at corresponding 
points of the compression, but since the 
portion beyond or has been extended by the 
compression, it will 
have to contract and 
the friction between 
the surfaces will op¬ 
pose this contraction. 
Hence the lines be¬ 
yond or which during 
compression were curved outwards will gradu¬ 
ally straighton and curve inwards as shown 
in .Fitj. (14. 

It is important to note that during these 
two actions the smaller the coefficient of fric¬ 
tion the greater Will be the expansion of the 
lines during compression, and that as the work 
spent in friction during separation depends 
on the amount of this expansion, the work 
will obviously increase up to a certain point 
sis the coefficient of friction diminishes. 

In both of the above cases it will be seen 
that the directions of slipping on opposite 
nidus of the centre are opposite to each other. 
In the caso of a roller, however, it is evident 
that the material immediately in front of the 
centre of the surface of contact is .being com¬ 
pressed and that behind it is being expanded. 
This action may be approximately represented 
in the case of the two plates with rubber 
between them by supposing the upper plate 

A .. .AB to have been first 

5 inclined towards 0, so 

that the material under 
A was compressed and 
then inclined towards D 
so as to raise the end A, 
thus causing a compres¬ 
sion under B and an expansion under A. The 
sectional lines will therefore assume the form 
shown in Fig. 05, and it is clear that the slip- 
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ping on each side of the centre now takes place 
in. the same direction. This shows that in the 
action of rolling the whole of the slipping is in 
the same direction and tends to oppose the 
rotation. It is this slipping against the fric¬ 
tional resistance between the surfaces which 
gives rise, to the resistance to the motion of 
the roller, and hence, as Reynolds showed, 
the correct denomination of the resistance is 
“ rolling friction.” The analogy of the action 
of the indiarubber between the two plates 
with the case of a cylinder rolling in a plane 
surface is not, however, exact, as there is the 


important difference that in the latter case it 
is not the entire surface of a bar which is being 
compressed and expanded but a portion of a 
continuous surface in which, whatever lateral 
extension may exist immediately under the 
roller, must be compensated by a lateral com¬ 
pression immediately in front and behind it. 

The nature of the deformation caused by an 
iron roller moving over an indiarubber plane 
may be shown as follows. In Fig. 66, wlfich 
represents a section through the cylinder and 
plane surface, the lines on the indiarubber 
are supposed to represent lines initially ver¬ 
tical and at equal distances apart. The motion 
of the roller is towards B, and or and or' limit 
the surfaces on which there is no slipping. 
C and D are the limits of the surface of contact 
and beyond these points the rubber is laterally 
compressed owing to the lateral extension of 
the material under the roller. The lines in 
this region are, therefore, less than their 
natural distance apart. From D to r the 
material is being compressed, slipping is 
taking place, and the lines are convex out¬ 
wards. From r to r' there is no slipping, hut 



from r' to 0 expansion with slipping is taking 
place and the lines are concave outwards. It 
is clear, therefore, that the distance apart of 
the lines from r to r' will depend on the amount 
of the lateral compression from I) outwards, 
and it is quite possible that this may be such 
that the distance between the lines from r to 
r' may be equal to the natural distance, in 
which case, as we have seen, the roller will 
roll through its geometrical distance whatever 
the actual slipping between Dr and O'. 
According to Reynolds this is what actually 
takes place when an indiarubber roller rolls 
on an iron plane. The actual slipping is 
obviously equal to the difference between the 
intervals between r and r', and- the intervals 
at D or C, and will always be greater than 
the loss of geometrical distance rolled through. 

From the foregoing examination of the 
action of rolling, the importance of the dis¬ 
tinction between the real and apparent slip 
in all cases of rolling contact is clearly 
brought out, the apparent slip being defined 
as the difference between the circumference 
of the roller and the distance moved through 
by its centre in one revolution. 

An explanation is also offered of the well- 
known fact that in general the lubrication of 
roller hearings is not attended with any bene¬ 
ficial effects in the way of increase of efficiency. 
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but may actually cause a loss of efficiency. 
Thus referring to Fig. 66 it is clear that if the 
coefficient of friction is very great r and r' 
will coincide with D and C and there would 
be no slipping, and hence no work would be 
spent in friction. On the other hand, if the 
coefficient of friction were zero, r and r' would 
coincide with 0 and there would be no friction 
and no work spent in overcoming it. There¬ 
fore the work spent in friction is zero for two 
values of the variable which is the coefficient 
of friction, and since it is positive for all inter¬ 
mediate values it must pass through a maxi¬ 
mum value. Hence for some position of r 
and r', i.e. for some value of the coefficient 
of friction, the work spent in friction is a 
maximum. 

The above conclusions have been verified 
by Osborne Reynolds by direct experiment, 
for the details of which reference may be 
made to the article cited. In particular it 
may be mentioned that the experiments 
showed that a hard roller on a soft surface 
rolls short of its geometrical distance, whereas 
a soft roller on a hard plane rolls more than 
its geometrical distance, and that when both 
roller and plane are of equal hardness the roller 
rolls through less than its geometrical distance. 

§ (39) The Practical Application op 
Rolling Friction in the Design op Mechan¬ 
ism. —In recent years the loss of energy due 
to friction of the journals and thrust collars 
of mechanism has been greatly reduced by the 
use of ball and roller bearings. Contrary to 
expectation the insertion between the cylin¬ 
drical bearing surfaces of mechanism of one 
or more rings of hardened steel balls running 
in hardened steel grooves or races so arranged 
that the sliding action is replaced by the 
rolling of the balls in the races has proved 
highly successful under heavy loading. As 
the effect of a design of incorrect type is likely 
to prove disastrous in practice, a brief account 
of conditions to be fulfilled and errors to be 
avoided may be gathered from the following 
illustrations of ball bearings which have been 
tried in practice with varying degrees of 
success. 1 

(i.) Fall Bearings .—One of the earliest types 
is shown at A, Fig. 67. This was formed of 
a hardened steel sleeve with a V or rounded 
groove fixed to the shaft, the outer races 
consisting of two conical rings screwed into 
the casing by means of a fine thread, with 
the idea that the races could be adjusted for 
wear. Since the wear of the race takes place 
only on the loaded side it is obvious that any 
adjustment of this kind would be fatal to 
true running of the shaft. 

This fault was remedied in the design B in 
which the races consisted of two conical rings 
screwed on the shaft, the outer stationary 
1 Goodman, Proc. Inst. Aut. Eng., 1913-14, viii. 


portion being made flat. In this ease the 
adjustable ring was always rotating and, 
therefore, the wear was fairly even all round 
and adjustment was possible, although, as 
experience has shown, quite unnecessary. 

Later two plain races as shown at (J, with 
a cage to keep the balls in position, were found 
to be successful, the final evolution of the nice 
being shown at D where the races are grooved 
to a radius of about ,'V that of the hall. 

In the design of hall thrust bearings the 
races of the early types wore made with 4fi° 
grooves as shown at K. The running of this 
type was very unsatisfactory, with much 
scratching of the balls. The substitution of 
a flat surface for ono of the grooves as at F 
was an improvement hid; not altogether satis¬ 
factory. It was found, however, that balls 
running between two flat rings with a cage Of 



to hold the balls ran quite satisfactorily. This 
design was still further improved from the 
weight-carrying point of view by substituting 
grooves. of slightly greater radius than the 
ball, as in II. For certain purposes, however, 
the flat race is to bo preferred, since, if there 
is any chance of the shaft getting old. of line 
with its housing, there is less likelihood of 
trouble in heating and vibration, A high 
degree of accuracy in the manufacture of halls 
for ball bearings is very esHontial, For 
example, in the case of halls half an Inch in 
diameter,. Professor Goodman has found that 
a distortion of one-thousandth of an inch 
corresponds with a load of about 130 lbs of 
the ball. Hence, if ono of tho balls hi a, thrust 
bearing is one-thousandth of mi inch larger 
than the others, that ball will have a,bout 
130 lbs. more load upon it than the others, 
and probably failure will occur. 

In the Skeflco ball hearing (Fig. 68) the 
surface of the outer ring is spherical, with, tho 
centre at the axis of tho shaft. There are two 
grooves on the inner ring, which oan be tilted 
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to ono Hide to allow the balls to be slipped 
into position, which is a considerable advantage. 

There is the further advantage 
that such a bearing can be used 
on a shaft which is moving out 
of truth. These bearings are 
particularly applicable to the 
case of motor cars and aero¬ 
planes where the framing is 
not very rigid. 

(ii.) Safe Working Load in a 
Ball Bearing .—From the re¬ 
sults of his experiments, Pro¬ 
fessor Goodman has been led 
to adopt the following formula for calculating 
the maximum working load on a ball bearing: 
hid 3 

: NdTc5’ 


Fro. 08. 


W = 


whore W = maximum working load in lbs., 

n= the number of balls in the bearing, 
cb—the diameter of the ball in inches, 
N=tho revolutions per minute, 

D=the diameter of the ball race in 
inches; the diameter being 
taken from the point of contact of 
the ball with the inner race in 
a journal bearing, and from the 
centres of the balls in a thrust 
bearing. 

The constants C and 1c are as follows : 

For thrust bcarings- 


Flnt races . 
Hollow races . 

For journal bcarings- 

Flat races . 
Hollow races . 


C. 

200 

200 


0 . 

2000 

2000 


1c. 

500,000 

from 1,000,000 to 
1,250,000 

k. 

1,000,000 
from 2,000,000 to 
2,500,000 


.Si 0*02 
£ 


!g.o-oi 


A comparison botween the friction of an 
ordinary white metal bearing and that of a 
ball bearing is shown in Fig. 69. It will be 
seen that in the 
case of the white 
metal bearing the 
starting effort is 
very much greater 
than the normal re¬ 
sistance after it has 
been running for a 
considerable time. 
With ball bearings 
the reverse is the 
- case, and this, apart 
d from the limiting 
ratio of the resist¬ 
ances, is an addi¬ 
tional reason for 
the use of ball bearings in machinery which 
stops and starts frequently. 

For very large bearings, in which the loads 


Ball Bearings 


Rauolutfona of Shaft 
FIG. 69. 


are correspondingly high7'rlr^is~-<mstmnarJrr.to 
replace the balls by hardened steel rollers. 
The difficulties in obtaining—-satisfactory 
running are greater in these hearings than 
where balls are used, on account of the end 
thrust of the rollers brought about by very 
slight inaccuracies in the machining. A 
slight amount of end thrust in a roller bearing 
may increase the frictional resistance tenfold. 
Various devices to obviate end thrust, such as 
the insertion, of a hardened steel hall between 
the ends of the roller and the 
face of the housing, have been 
tried, but without any great 
success. 

One of the most successful 
roller hearings which have been 
recently brought out is illus¬ 
trated in Fig. 70. In this the 
roller runs in a-hardened steel otytnirmofshjft 
rectangular groove ground in the ” ~j?w^ 70 
sleeve with great precision, and 
after an extensive series of tests on it Professor 
Goodman states that this is the only roller 
bearing which, in his experience, is practically 
free from end thrust. 



VI. The Relation between Friction and 
Heat Transmission in the Case oe the 
Motion of a Fluid over a Surface 
having a Temperature differing from 
that of the Fluid 

§ (40) Heat Transmission, (i.) Theory .— 
The heat interchange between a solid surface 
and a fluid in contact with it, for a given 
difference of temperature between them and 
apart from radiation effects, will evidently 
be proportional to the rate at which the fluid 
particles are carried up to the surface, i.e.. to 
the diffusion of the fluid in the neighbourhood 
of the surface. This diffusion may be either 
(1) molecular, i.e. the diffusion of the molecules 
in a mass of fluid at rest, or (2) molar diffusion, 
by means of the movement of small portions 
of the fluid in the form of eddies. The trans¬ 
mission of heat by molecular diffusion con¬ 
stitutes what is known as the thermal con¬ 
ductivity of the fluid, and that by molar 
diffusion is usually denominated heat con¬ 
vection. Now in the ease of a fluid moving 
over a surface in laminar or streamline 
motion, there is no molar diffusion between 
adjacent streamlines or laminae, and, there¬ 
fore, any transmission of heat to or from the 
surface in a direction normal to the stream¬ 
lines must take place by thermal conductivity. 
On the other hand, when the motion becomes 
turbulent, it is evident that the eddies con¬ 
stitute the mechanism by means of which the 
heat is transmitted. 

In § (25) it has been shown that in the 
motion of a fluid over a surface there is always 
a thin layer at the surface which is in laminar 
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motion when the general motion of the fluid is 
turbulent, and if the surface be hotter or colder 
than the fluid it is clear that the heat trans¬ 
mission between layer and surface will take 
place by means of conductivity, and between 
the outside of the layer and the mass of the 
fluid, by eddy motion or convection. In 
Part I. of this article dealing with “Vis¬ 
cosity,” §§ (1), (2), it has been shown that 
in the case of laminar motion the transfer 
of momentum between adjacent layers which 
constitutes the phenomenon of viscosity is 
effected by the internal diffusion of the fluid, 
and further that in the case of turbulent 
motion the corresponding phenomenon of 
mechanical viscosity is due to the mass diffu¬ 
sion brought about by the eddy-making 
and turbulence. It would appear, therefore, 
that the mechanism by which the transfer 
of momentum which constitutes frictional 
resistance and that by which the transfer 
of heat is brought about is essentially the 
same whether the motion be laminar or 
turbulent. 

The probability of this effect was first 
pointed out by Osborne Reynolds 1 in 1874 in 
a paper on the heating surfaces of steam 
boilers. In this paper Reynolds described 
an experiment in which, by blowing air through 
a hot metal tube, the probable accuracy of his 
theory was demonstrated by the fact that the 
temperature of the issuing stream of air was 
approximately independent of the speed of the 
air current. The method of reasoning leading 
to this conclusion may he stated as follows. 
Consider the case of a fluid moving through a 
parallel pipe of circular cross - section with 
mean velocity Y m , and lot the inner surface of 
the pipe be maintained at a uniform tempera¬ 
ture T s . Then, neglecting the thermal con¬ 
ductivity effect in the thin layer at the 
boundary, and assuming all the transmission 
to take place by eddy motion, the ratio of 
the momentum lost by skin friction between 
any two sections distant dx apart, to the total 
momentum of the fluid, will be the same as the 
ratio of the heat actually supplied by the 
surface to that which would have been 
supplied if the whole of the fluid had been 
carried up to the surface. 

Thus, if d;p is the fall of pressure between 
the sections, 

dT. the rise of temperature between 
the sections, 

W the weight of fluid passing per 
second, 

V m the mean velocity of the fluid, 
ft the radius of the pipe, 

T m the mean temperature of the 
fluid between the sections. 

1 proceedings, Manchester Literary and Philoso¬ 
phical Society, 1874. 


Then, by the above relation, 

( dp)ira 2 _WfZT__ 

W/<7. V' m ~ W(T„ - T,,,)’ 

The heat lost per unit area of the pipe is 
gW/flf. dT 
2iradx ’ 

whore <r is the specific heat per unit mass at 
constant pressure, and if R denote the skin 
friction per unit area, 

_ 7r ® 2 d‘P 

~2wa ' dx 

Hence if Q be the heat transmitted per unit 
area, 

Q = RgTR- TJ, _ _ . (1) 

V m 

It may be noted that there may be appre¬ 
ciable divergence between the above value 
of the heat transmission and that actually 
observed, for, as Reynolds pointed out, “ ulti¬ 
mately it is by conductivity that the heat 
passes from the walls of the pipe to the fluid, 
so that there will probably bo in the result a 
coefficient F (Jc/v), where k is the coefficient of 
thermal conductivity of the fluid, the form of 
which must be determined by experiment.” 

(ii.) Experiments ,—A series of experiments 
were carried out by Dr. T. E. Stanton in 1895 
with the object of testing the accuracy of the 
above relation. 2 The fluid used was water, 
which was circulated through thin copper 
tubes heated on the outside by means of a 
steam jacket. The mean temperature of the 
tube was estimated from the value of its 
coefficient of expansion and the increase in 
length, the value of the surface temperature 
being then calculated, from the known heat 
transmitted and the thermal conductivity of 
copper. 

In making the experiments it was arranged 
that the total rise of temperature should not 
exceed a few degrees, and should bo small 
compared with the range of temperature 
between metal and. water. In this way, in a 
series of experiments in which V m was varied, 
the value of f[kjv) referred to above would he 
approximately constant. Further, since it was 
known that R=eV m B , writing the relation (I) 
in the form 


where D is constant, the value of n -1 could 
be obtained by tho usual method of logarithmic 
plotting. 

On making this determination for several 
sizes of tubes, and with as large a range of speed 
of flow as could be obtained, it was found 
that the value of n was practically identical 
with that found in the frictional determinations 
(i.e. n varied from 1-82 to 1-86), and hence 
a Phil. Trans. Royal Society, Series A, exc. 
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i-liti truth of the relation (1) in its most im- 
J>< >i.'fcant jH’actical aspect was fully demon- 
«tro.-fcod. The fact that the heat abstracted 
i i'oin. a hot metal surface by a fluid flowing 
‘ ’ v Qi 1 it is, for a given difference of temperature 
botvvoen fluid and metal, nearly proportional 
> Tdie speed at which the fluid moves over 
1> 1 le surface, has been of great importance in the 
cl oaigix’of steam engine condensers, the radiators 
° f internal combustion engines, and the lieat- 
surfaces of steam boilers. The applica¬ 
tion. of the Reynolds theory to the case of 
tiles design of surface condensers for steam 
OT1 fe?iries has shown 1 that for a surface con¬ 
denser of given area of cooling surface and 
HVl Ppiy of cooling water, in order to obtain 
die greatest velocity of flow, the length of the 
tvnloo should be as great as possible, and that 
tl ie most efficient design will be secured by 
ii sing small tubes of as great a length as is 
consistent with the extreme limits of frictional 
X'esistance to flow alloived. This condition 
<3tin be easily fulfilled in practice by arranging 
the tubes in separate compartments, through 
wliic.li the cooling water circulates in series, 
mil cl thus the effactive length of the tube can 
b>o increased to any desired amount. 

It may be remarked that, if any means 
Gristed of determining the thickness of the 
hiyer in laminar motion at the boundary, a 
olieek between theory and experiment would 
Tig found as follows. Consider first the trans¬ 
mission of heat by eddy motion between the 
mass of fluid in the interior of the pipe and 
tlio outer surface of the layer in laminar 


where r I\ is the temperature of the outside of 
the layer. 

Again, considering the transmission through 
the surface layer', wo have 

^(T.-Tx) 

/. ’ ' 


Q = 


(3) 


where T„ is the temperature of the surface, l 
the thickness of the layer, and k the coefficient 
of thermal conductivity, 

and R = .(4) 


Combining (2), (3), and (4), wo have 

52.(T. = TJ _ 1 wh „. 

V„ ' l+i^/k-iy p 


Q 


u. 

: v m 

(• r >) 


If, therefore, tho value of p were known, it 
would be possible, by experiments with a 
fluid flowing over a surface for ■which the 
value of R was always known, to obtain a 
check on the theory. 

Unfortunately, no definite information on 
til© value of p -is at present available. From 
an examination of the criterion, duo to Lorenz, 
for the steady motion of fluid between two 
planes moving tangentially to each other, 
Mr. G. I. Taylor has arrived at tho conclusion 
that in the ease of a pipe «/V„ should become 
nearly constant as the velocity is increased, 
and independent of tho nature of the fluid. 
As regards its value, tho criterion of Lorenz 
indicates that it may he approximately 0*38. 
Alternatively the value of p may he calculated 
from equation (5) by substitution of tho known 


Tabus] I 


Sobnkmkbn’s Experiments with Water showing in Drawn Brass Turns 102 am. long, 

1-7 CIM, DIAMETER 


V olooity 
of Plow in 
C'm. p.s. 

Heat transmitted, 
Calories per 

Set. Cm. p.s. 

Temperature. 

Motion, 
Dynes 
per Bq. Cm. 

JL 

Value of 
Eo-(Th-Tm) 

~ "Vm . 

Value of 
:p In 

Equation (5). 

Surface. 

Eluid. 

fur 

132-2 

1-17 

20-06 

11-97 

57-6 

•117 

3-78 

•30 

132-2 

1-58 

76-16 

67-72 

45-3 

•347 

2-54 

•32 

100 

1-44 

26-28 

13-25 

35-0 

■120 

2-66 

•30 

100 

1-63 

67-30 

56-03 

28-5 

•290 

3-04 

•35 

61-7 

0-726 

23-35 

12-66 

16-2 

•112 

2-81 

•30 

61-7 

0-413 

70-35 

00-50 

11-8 

•341 

2-74 

•42 


Stanton’s Experiments with Water showing in Copper Turns 46 cm. hong, 

0-736 CM. diameter 

296 

4-43 

28-2 

15-93 

29-8 

•128 

12-35 

•26 

296 

6-08 

51-65 

39-05 

20-0 

•217 

10-5 

•29 


motion, which may be assumed to have a 
velocity U. 

Then equation (1) becomes 

n _R<r(T x -T*) 

qj-vCTj—, 

1 Stanton on “ The Efficiency and Design of Sur- 
fa.ee Condensers,” Proc. Inst. C.E., 1898-99, cxxxvi. 


values of R, (T s - T m ), V w , n, and 1c in care¬ 
fully made experiments. 

Such a series of experiments have been 
carried out by Dr, A. Soenneken 1 in the ease 
of water flowing through heated metal pipes, 
the results of which are given in Table L, 
together with certain of StantoiVs results. 

1 Soenneken, K5nig. Tech. Hochschule Munich, 1910. 
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It will be clear from the calculated values 
of p in. the above table that the use of the 
values of 0-38 derived from the theory of 
Lorenz will not give results greatly in error. 
The low values of p found from Stanton s 
results are probably due to the fact that they 
were obtained from short lengths of pipe in 
which the ratio of length to diameter was 
only 34, and that on this account the mean 
thickness of the surface layers would probably 
be appreciably less than that finally obtained 
at a considerable distance from the inlet. 

Reverting to equation (5) it will be seen that 
if the value of cry./k for any particular fluid 
is approximately equal to. unity, the agree¬ 
ment between the heat transmission given by 
equation (1) and that actually observed should 
be fairly close if the assumptions on which 
the theory is based are correct. 

Now for air /s = l‘6,aC„, 
where C„ is the specific heat at constant 
volume, and since 

a- = l-4C„, 


so that experiments with air should furnish 
a rough demonstration of the accuracy or 
otherwise of the extension of the Reynolds 
theory given above. 

In some experiments made by Mr. J. R. 
Pannell 1 at the National Physical Laboratory in 
1912 the results given in Table II. were obtained. 


the neighbourhood of the boundary which is 
indicated in the curves of Fig. 27 that no such 
discontinuity exists and that the two motions 
shade off into each other gradually. It is 
evident, therefore, that the matter requires 
further investigation before any reliable 
prediction of the amount of the heat trans¬ 
mission can be made from a knowledge of the 
frictional resistances of fluid and surface. 

§ (41) Effect of Surface Rouon. ness on 
Heat Transmission. —Apart from the prac¬ 
tical value of the theory of boat transmis¬ 
sion outlined abovo in giving an accurate 
measure of the improvement to bo effected in 
heat transmission by increasing the spaed 
of flow, the relation also indicates a possi¬ 
bility of increasing the efficiency of the trans¬ 
mission by increasing the coefficient of friction 
between fluid and surface. It is well known 
that by roughening the surface over which 
fluid is in motion the frictional resistance can 
be increased two or three fold. For example, 
in Mr. W. Froude’s experiments on tins 
resistance to the towing of planks in water, 
it was found that the resistance of a surface 
similar to that of sandpaper was more than 
double that of a varnished surface under the 
same conditions. In experiments at the 
National Physical Laboratory the frictional 
resistance of brass pipes has been increased 
threefold by sorrating the inner surface by a 
series of sharp ridges produced by a cutting 
tool. It may be mentioned, however, that 


Table II 


Flow of Air in heated Brass Pirn 4-88 cm. diameter, 01 om. i.ono 


Velocity 
of Flow in 
Cm. p.s. 

Heat transmitted, 
Calories per 

Sip Cm. p.s. 

Temperature. 

Friction, 
Dynes 
per Sq. Cm. 

Value of 
RcrfTs — Thi) 

.Vm. ’ 

Ratio of 

Calculated .Heat. 
Observed limt 

Surface. 

Fluid. 

1180 

•0205 

37-4 

22-5 

6-14 

•0155 

(>•76 

940 

•0162 

36-2 

22-7 

3-18 

•0109 

0-68 

2188 

•0369 

43-0 

26-2 

14-9 

•0267 

l) ■ 73 


It will he seen that the agreement between 
calculated and observed heat is not satis¬ 
factory, so that assuming that no serious 
errors v'ere made in the observations on 
which the figures in the table are based, it 
ivould appear that the assumptions on which the 
extended theory is based are inconsistent with 
the actual facts. The one whose validity may 
reasonably be questioned is the discontinuity 
betwxen the layer at the boundary and the 
eddying fluid viiich is implied in the reasoning 
leading up to the theoretical equation (5). 

It will be clear from the state of motion in 

1 Pannell, Report Advisory Committee Aeronautics, 
1916-17, viii. 22. 


the application of the Reynolds theory to the 
case of rough surfaces is not a priori demon¬ 
strable, Bineotho precise nature of the modifica¬ 
tion of the fluid motion as the surface rough¬ 
ness is increased is a matter for speculation, 
and it is by no means certain that an increase 
in surface roughness corresponds with an 
increase in the turbulence which is the main 
factor in the heat transmitted. 

For the purpose of testing the applicability 
or otherwise of the Reynolds theory to the 
case of surface roughness, a series of experi¬ 
ments were made at the National Physical 
Laboratory in 191.7 on two pipes inch 
diameter, of which one was in the smooth 
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drawn condition in which it. was received and 
the. surface of the other was roughened by 
machining with a screw-cutting tool so as to 
form a double series of sharp ridges inter¬ 
secting each other. The depth of the serra¬ 
tions was about 0-01 inch. 

In making the experiments, each pipe was 
set up in a vertical position and a current of 
water circulated through it by means of a 
centrifugal pump provided with speed regula¬ 
tion, so that the mean velocity of flow could 
be varied from about 15 cm. per second, 
slightly above the critical value, to about 
90 cm. per second. The outside of the 
pipe was wound with Eureka wire connected 
to the supply mains through a variable resist¬ 
ance and so arranged that the temperature 
of the pipe could be maintained at the desired 
value above the temperature of the water. 
The mean surface temperature of the pipe 
was estimated from the extension of the 
pipe measured by an extensometer specially 
designed for the purpose. For the estimation 
of the initial and final temperatures of the 
water, thermo-junctions embedded in thin 
brass tubes were placed with their axes in 
the axis of the pipe at the extremities of the 
experimental length and connected to a 
potentiometer. The estimation of the flow of 
water through the pipe was obtained .from a 
calibrated meter. The frictional resistance 
of the pipe was found from the fall of pressure 
along the experimental length. 

In order to compare the relative effects due 
to surfuoo roughening, the ratio of the inten¬ 
sities of surface friction of the rough and 
smooth pipes have been plotted (Fig. 71) 
cm a base of speed of flow through the pipe, 
and on the same diagram is plotted the curve 



I'm. 71. 

showing the corresponding ratio of the heats 
transmitted por unit area per dogroo difference 
of temperature. It will be seen that through¬ 
out the whole range of speed considered tlie 
heat transmitted from the roughened pipe 
exceeds that transmitted by the smooth pipe 
by an amount greater than that by which 
the friction lias been increased by the roughen¬ 
ing, so that the application of the Reynolds 
theory to the case of surface roughening was 
fully 'demonstrated. In applying these results 
to practice, it is important to make sure that 


the conditions of turbulence are similar to 
those, which existed in the experiments 
described above. For example, from the 
characteristics of the motion of a fluid at the 
inlet of a pipe referred to in § (6) (iii.), it would 
a PP ear probable that had the experimental 
length of pipe in the above experiments been, 
placed at the inlet to the pipe instead of 
some considerable distance from it, the effect 
of roughness on the heat transmission would 
not have been so 
marked owing to 
the absence of 
turbulence in this 
particular region. 

In order to in¬ 
vestigate this more 
closely, a further 
research was car¬ 
ried out in which 
the heated surface 
represented the 
gills of an air¬ 
cooled internal 
combustion engine. 

The practical im¬ 
portance of this 
investigation will 
be obvious from 
the fact that if an 
improvement in 
heat transmission 
of the order of that 
obtained in the 
roughened pipe 
could be produced in the cooling surfaces of 
aircraft engines by artificial roughening, the 
possibility of considerable increase in efficiency 
and saving of weight would be opened up. 

For this purpose the apparatus shown in Fig. 
72 was constructed. This consisted of eight 
copper discs of approximately the dimensions 
and spacing of the gills of an air-cooled engine 
surrounding a cylinder of wood, and set up 
in a wind channel through which air could be 
circulated at speeds up to 60 feet per second. 
The method of making an experiment consisted 
in heating the gills by a current from a storage 
battery and measuring the amount of current 
and fall of potential along them. In this way 
the mean surface temperature of the gills and 
the amount of heat abstracted by the air 
could be calculated. Observations of the 
velocity and temperature of the cooling air 
were taken at the same time. The thickness 
of tlie copper gills was 0-055 mm., the external 
and internal diameters being 146 and 114 mm. 
and the pitch 8 mm. 

The roughening was made by a special pair 
of steel dies by means of which the surfaces 
were corrugated into serrations, 0-5 mm. deep 
and 1-8 mm. pitch. A series of observations 
was first made on the smooth gills. These 
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were then taken out of the wind channel, 
roughened by the dies and replaced, and the 
experiments repeated under the same condi¬ 
tions of wind speed, and surface temperature 
as before. 

The results of the two sets of observations 
are shown in Fig. 73, the ordinates of the 
plotted points being the heat abstracted in 
calories per second per degree difference of 
temperature between gill and air current, 
and the abscissae the mean wind speed in 
cm. per second. 

It will be seen that, in complete contrast 
with the results of the pipe investigation, the 



Fig. 73. 


roughening had practically no effect on the 
heat transmission, thus indicating that for 
these particular surfaces the dimension in the 
direction of flow was so limited that the 
convection of momentum to the surface was 
not more intense for a rough than for a 
smooth surface. The anticipation that the 
conditions as regards turbulence in this case 
were probably similar to those existing at the 
inlet of a parallel channel appeared therefore 
to be justified. It is probable that consider¬ 
able improvement in the design of the cooling 
surfaces of aircraft engines and radiators may 
yet be effected by a suitable increase in their 
frictional resistances, but further research is 
necessary before the direction in which it may 
be looked for is apparent. T _ E> 3> 
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Froude Water Brake. See “ Dynamo¬ 
meters,” § (2) (iv.), 

Froude’ s Experiments on the Resistance 
of Ships. See “ Ship Resistance and 
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FUEL CALORIMETRY 

§ (1). Introductory. —The measurement of 
the calorific value of fuels is a branch of 
calorimetry which has been systematised in 
order that it .may ho practised by operators 
not possessed of the knowledge or experi¬ 
mental aptitude of the trained physicist and 
chemist. Largo numbers of determinations of 
the calorific value of fuels are made daily, 
with a reasonably high degree of accuracy and 
concordance by a host of semi-skilled operators. 
The latter, however, merely follow instructions 
in the use of methods which involve the 
scientific application of fundamental principles 
of physics and chemistry to the solution of 
the problem of measuring exactly the heat 
evolved in the complete oxidation of readily 
combustible matter. The physical and chem¬ 
ical principles applied in Fuel Calorimetry 
are essentially identical with those applied 
in the measurement of the heat evolved in 
ohemical reactions in general, and the methods 
employed are simply specialised adaptations to a 
restricted field of the general methods employed 
by the physicist in tackling the varying prob¬ 
lems of calorimetry presented in the pursuit of 
physical, chemical, and physiological researches. 
The broad principles and general methods of 
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Calorimetry have been dealt with in the 
article under that heading. 

§ (2) Methods and Conventions op Fuel 
Calorimetry.— -In this article the specialised 
methods applied to the measurement of the 
heat evolved in the combustion of fuel will 
alone be considered. These methods are, 
however, also of rather divergent descriptions, 
owing to the physical differences between the 
various “ fuels.” The physical differences 
referred to chiefly concern the question of the 
phase or state of the fuel, i.e. whether it is 
solid, liquid, or gaseous at ordinary tempera¬ 
tures. For instance, the calorific value with 
which fuel calorimetry is concerned is : for 
methane, the heat evolved by the combustion 
of gaseous methane; for alcohol, the heat 
evolved by the combustion of liquid, alcohol; 
and for sugar or sulphur, the heat evolved 
by the combustion of solid sugar or sulphur. 
While the supplemental heat attributable 
to both condensation and solidification is 
included in the calorific value of a fuel such 
as sulphur, and that of condensation in the 
calorific value of alcohol, neither is included 
in the calorific value of methane, or other 
substance which is in the gaseous state at 
ordinary temperatures. Similarly the calorific 
value as usually determined and accepted for 
fuel expresses the heat resulting from their 
combustion when the products of combustion 
are in the state or phase in which they normally 
occur at ordinary temperatures'. That is to 
say, any carbon dioxide produced by the 
combustion of a fuel is assumed to remain 
in the gaseous state, whereas silicon dioxide 
or silica would be assumed to be in the solid 
state, and water in the liquid state. 

There is, however, a convention by which 
the water resulting from the combustion of 
hydrogen and its carbon compounds in fuels 
is sometimes considered to remain wholly 
in the gaseous state among the products of 
combustion, and the calorific value realised 
under this convention is termed the net 
calorific value. It is less than the common 
or gross calorific value by the latent heat of 
vaporisation of the water resulting from the 
combustion of the fuel. In the common 
measurements of the net calorific value of 
a fuel, a further deduction is made from tho 
gross value of the sensible heat of tho con¬ 
densed water in cooling from 100° 0. to 
ordinary temperatures. The figure thus 
obtained is the conventional net calorific 
value of the fuel, but the former figure, which 
differs from the gross calorific value only by 
tho latent heat of vaporisation of the water 
resulting from the combustion, is tho true 
thermodynamic net calorific valuo which 
should be used in calculations of the efficiencies 
of internal combustion engines, flame tempera¬ 
tures, etc. Except in the case of uncombined 


hydrogen, the net calorific value of a fuel is a 
figure which has little real significance, because 
the uncondensablo products of combustion, 
such as carbon dioxide, nitrogen, and excess 
of oxygen, pass away at the same temperature 
as the uncondonsed water vapour. In most 
uses of fuel, this temperature is considerably 
higher than that of the atmosphere, and tho 
sensible heat of the uncondensable products 
of combustion as well as tho latent heat of 
vaporisation of the water accompanying them 
has to be determined for the particular tempera¬ 
ture at which they are passing away whenever 
the question of the thermal efficiency of a 
particular application of a fuel is investigated. 

In considering tho calorific value of many 
of the complex commercial fuels, it is necessary 
for comparative purposes to boar in mind that 
a certain component, e.g. naphthalene, may 
be available in more than one state or phase. 
For instance, in certain mixed fuels there may 
be a small proportion of gaseous naphthalene ; 
in others a more considerable proportion of 
molten naphthalene or of naphthalene in 
solution, while finally naphthalene may be 
in the solid stato as a component of a mixed 
solid fuel, or indeed in that stato be used 
as a fuel without admixture. The calorific 
value of a substance such as naphthalene, 
which is available in three states, will differ 
according to its phase and its latent heat 
of vaporisation, of liquefaction, or heat of 
solution in a particular medium which servos 
as the liquid vehicle for it. The greater part 
of tho combustibles to which technical fuel 
calorimetry is oommonly applied are, how¬ 
ever, complex mixtures which are used in 
the one state, viz. solid, liquid, or gaseous, in 
which they usually occur, and it is the calorific 
value of the fuel in that one state with which 
fuel calorimetry ordinarily is concerned. 

When the fuel is a solid, whether a simple 
substance, such as carbon, sulphur, phosphorus 
or silicon, or a complex mixture of collulosio 
or hydrocarbon material such as wood, coal, 
etc., its calorific value is ordinarily determined 
by measuring tho heat evolved on the rapid or 
almost instantaneous combustion in- oxygon 
of a known weight of tho fuel. When tho 
fuol is a liquid which is not very readily 
volatile, such, as the higher alcohols, oil, tar, 
etc., its calorific valuo is determined in sub¬ 
stantially tho same way. When tho fuol is a 
gas, however, though the same method is 
applicable, it is generally preferred to burn the 
fuel at a uniform measured rate of consump¬ 
tion for an extended period, and to moasuro 
the heat evolved during the time in which 
a known quantity of tho gas is burned. If 
provision is made for tho continuous con¬ 
sumption of the gas at a uniform rate, and for 
tho calorimetric device to furnish a continuous 
record of the fluctuations in the evolution of 
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heat from the combustion of the gas, it is 
possible to produce a calorimeter which 
automatically registers any variations in the 
calorific value of the gas over a long period. 
The usual methods of gas calorimetry are, 
therefore, distinct from the usual methods of 
the calorimetry of solid and liquid fuels, 
though there is some overlapping of the two 
methods in the calorimetry of the more highly 
volatile liquid fuels, such as motor-spirit, 
ethyl-alcohol, ether, etc. The continuous 
calorimetry of a supply of solid fuel, such as 
coal, furnishing automatically a register of 
fluctuations in the calorific value of that fuel, 
is a problem which awaits attack, and of which 
a satisfactory solution would be of the utmost 
value in industry. Even in regard to oil fuel, 
continuous calorimetry is practically unknown, 
though the problem does not present the same 
difficulties as that of solid fuel, and a satis¬ 
factory solution of it is not far to seek. 

There are a number of points in fuel calori¬ 
metry to. which consideration must be given 
in the case of almost all types of fuel calori¬ 
meters and of all classes of fuel. They may 
be classified broadly as follows : (a) Sampling 
the fuel; (b) Weighing or measuring the 
portion of the sample on which the deter¬ 
mination is made; (c) The supply of oxygen 
for combustion; (d) Choice of medium for 
reception of the heat evolved ; (c) Ther¬ 

mometry, or the measurement of the rise of 
temperature of the medium; and (/) Incidental 
heat losses and corrections. 

§ (3) Sampling the Fuel. —In general the 
sampling of fuel for determination of its 
calorific value follows the course adopted for 
sampling it for chemical analysis, but as many 
more samples of fuel are now taken for calori¬ 
metry than for analysis, and often by persons 
not trained in general methods of sampling, 
a few words on it may appropriately be said 
here, though, strictly speaking, sampling does 
not fall within the scope of calorimetry as such. 

There are few materials more difficult to 
sample properly than coal and coke, owing 
chiefly to the unequal distribution of earthy 
matter, slate, etc., in the coal as won and 
supplied to the consumer. Where coal or 
coke passes through a mechanical breaker 
which reduces all lumps to a relatively small 
size, the procedure of sampling a largo bulk 
is greatly simplified, and if. -|-cwt. portions 
are drawn from the outlet of the breaker at 
intervals corresponding with the passage 
through it of 5 or 6 tons, and these i-cwt. 
portions are subsequently mixed, further 
broken, quartered, the quarter broken smaller 
and again quartered, a finely broken small 
sample is ultimately obtained from which the 
final sample for the determination of calorific 
value may be ground. This procedure answers 
well on gas works, etc., where coal is frequently 


broken before carbonisation, and coke before 
sale for household use, but the breaking of 
coal lowers its value for most other uses and 
this aid to proper sampling is not generally 
available. In such cases larger portions, 
representative of both the large and the small 
coal, must be taken from each waggon-load, 
or 5 to 10 ton lot, and those portions mixed 
to form an average sample, a quarter of which 
must be roughly broken and dealt with as 
before. Many elaborate directions have boon 
issued for the sampling of coal and coke 
deliveries, but a consideration of the particular 
circumstances will generally suggest the best 
method if it is borne in mind that the first 
bulk sample must bo largo and must bo 
thoroughly mixed before the first quartering. 
Gain or loss of humidity in the course of 
sampling must also be avoided. 

The sampling of liquid fuel is relatively an 
easy matter, though, with heavy petroleum oils 
and certain classes of tar and tar oils, strati¬ 
fication and deposition of solid matter are 
apt to occur in storage tanks, and warming by 
means of steam coils and stirring are needed 
before the sample is drawn from the tank. 
Liquid fuels frequently contain varying pro¬ 
portions of water, partly in solution and partly 
in suspension, and on this account a sample 
drawn from a single barrel is seldom repre¬ 
sentative of a consignment of many barrels. 
Barrels should he rolled about to agitate the 
contents thoroughly before they are sampled. 

The sampling of gaseous fuel varies greatly 
in method according to the circumstances of 
its origin and tho object of tho determinations 
of calorific valuo. Obviously if all that is 
needed is an average sample of tho output 
of a producing plant, or of the delivery from 
storage vessels, different methods will ho 
followed from those adopted if samples are 
required with' a view to ascertaining tho 
extreme fluctuations in calorific value of tho 
gas produced or delivered. It may bo said 
generally, however, that fuel gas supplies vary 
more in calorific value than might bo expected 
from general knowledge of tho diffusion of 
gases, and of processes for generating fuel gas. 
Even town gas supplies, derived from works 
where facilities for mixing and storing appeal' 
ample, quite commonly show fluctuations of 
2 to 3 per cent on either side of the mean 
calorific value. Other fuel gases, such as 
acetylene produced in generators for welding 
and cutting purposes, are apt to vary still 
more in calorifio valuo, partly owing to varia¬ 
tions in tho purity of the raw material used, 
and partly owing to effects incidental to tho 
rate of generation, etc. Fortunately a con¬ 
tinuous supply of fuel gas is generally available 
for calorimetry, and it is a relatively easy 
matter with the types of gas calorimeter 
commonly in use to make a number of deter- 
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minations, and thereby to ascertain the 
fluctuations in value of the gas, as well as to 
eliminate errors due to the taking of casual 
samples. 

§ (4) Weighing or Measuring the Sample. 
—The portion of either a solid or a liquid 
fuel used for a calorimetric determination 
will usually be weighed, but a gaseous fuel 
is commonly measured and the calorific value 
per unit weight calculated, if required, from 
the specific gravity of the gas. The utility 
of determinations of calorific value of coal, 
coke, etc., is largely relative to that of other 
lots of similar fuel, and since these fuels con¬ 
tain more or less free water according to the 
extent to which they have been exposed to 
rain (or underground water) or stored under 
cover, it is essential that the determinations 
of calorific value should be made on a dried 
sample. If the water given up in drying is 
determined, the calorific value of the particular 
lot of coal or coke in the condition in which 
it was when sampled can be readily calculated. 
Unless expressly stated otherwise, it is custom¬ 
ary to express the calorific value of a solid fuel 
in terms of unit weight of the dried material. 
Since many coals, when finely ground and 
dried, are extremely hygroscopic, the pre¬ 
cautions usually taken in weighing hygroscopic 
substances must be observed when weighing 
out the portions for calorimetry. Fuel oils, 
as a rule, contain very little water, but when 
certain grades of tar, crude petroleum, etc., 
are being examined it is necessary to deter¬ 
mine the water present, which, moreover, 
frequently varies greatly in different samples 
taken from the same bulk. 

Gaseous fuel is usually measured saturated 
with water at atmospheric temperature and 
pressure, and the calorific value of unit volume 
so measured is corrected to refer to unit 
volume in one or other of two standard 
conditions, viz. : (1) at 0° C., 760 mm. and 
dry, which are the normal conditions for gas 
measurements in scientific work, or (2) at 
60° Fahr., 30 inches and saturated with 
water vapour, which are the normal conditions 
for the sale of gas in this country and generally 
for technical and industrial measurements of 
gas. The volume of gas in these conditions 
is only one ten-thousandth less than its volume 
at 15° 0., 700 mm. and saturated, which are 
the conditions in which gas is measured for 
commercial and technical purposes in most 
continental countries. 

§ (5) Supply op Oxygen for Combustion. 
—The oxygen required for the combustion of 
the fuel in the calorimeter is obtained in most 
calorimeters for gaseous fuel through a supply 
of atmospheric air, but with solid and liquid 
fuel it is difficult to ensure complete and rapid 
combustion unless the oxygen is supplied in 
a more highly concentrated form. In the 


early calorimeters the oxygon was furnished 
by potassium nitrate or a similar salt, which 
was intimately mixed with the fuel, but with 
the advent of commercial supplies of oxygen 
compressed in steel cylinders other sources 
of concentrated oxygon were almost entirely 
displaced in calorimetry by the oxygen 
cylinder. Without the latter the Bcrthelot 
bomb type of calorimeter could not have come 
into general use. It is possible, however, to 
dispense with compressed oxygen if it is not 
available, by using a peroxide as a source of 
oxygen. Sodium, peroxide is thus used in the 
Roland Wild fuel calorimeter, but there is in 
this case 1 , a liberation of heat from the reaction 
between the products of combustion, and the 
reduced peroxide, for which a deduction has 
to bo made from the total heat measured by 
the calorimeter. The uncertainty as to this 
deduction with fuels of a widely different ratio 
of carbon to hydrogen militates against the 
more general employment in industrial calori¬ 
metry of this convenient type of calorimeter. 

§ (6) Medium for Reception op the 
evolved Heat. —The heat evolved by the 
combustion of the fuel is absorbed as far as 
possible by water in nearly all the more exact 
types of calorimeter. The high specific heat 
of water and its universal availability are the 
chief factors in its favour, but it has certain 
disadvantages which, have led to the adoption 
in a few calorimeters of other liquids, or of air 
or other gas, for the absorption and measure¬ 
ment of the heat evolved on the combustion 
of the fuel. It may be said broadly, however, 
that the calorimeters in which water is dis¬ 
placed by another liquid or by a gas are of 
special and restricted applicability. Certain 
somi-automatio and recording calorimeters dis¬ 
pense with water, but the majority of them 
need calibrating against a water calorimeter 
owing to uncertainty as to tlio specific heat 
of the liquid or gas which is used instead of 
water. The water or other medium is con¬ 
tained in a glass or metal vessel or tube, by 
which and the combustion chamber or humor 
a portion of the heat evolved is retained. It 
is customary in bomb and other non-continuous 
calorimeters to determine experimentally the 
mean specific heat of these parts of the calori¬ 
meter, and to reckon their heat absorption in 
terms of the weight of water which would show 
the samo rise of temperature if the same 
number of heat units were imparted to it. This 
is commonly known as the “ water-equivalent " 
of the calorimeter, and has to be determined 
for each instrument. Its determination by 
present methods introduces an uncertainty in 
the results of bomb calorimetry of nearly 
0-2 per cent. In oalorimetors of the flow typo 
in which a heat equilibrium becomes established, 
the analogous uncertainty in the results may bo 
reduced to less than 0-1 per cent. 
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§ (7) Thermometry. —-The rise of tempera¬ 
ture caused by the combustion of the fuel in 
the calorimeter is usually measured by mercury 
thermometers, either used directly or used as 
reference standards to check the records of 
some other thermometric device. Thus the 
degree of accuracy attainable in fuel calori¬ 
metry generally depends ultimately on the 
sensitiveness of- the mercury thermometer, 
which when all sources of error are considered 
and corrections applied cannot be much higher 
than 0-005°, and in most cases even with high- 
class thermometers is not, in reality, higher 
than 0-01°. 

The errors in thermometry in connection 
with bomb calorimetry have been fully 
discussed by G. N. Huntly in the Jowned of 
the Society of Chemical Industry, 1910, xxix. 
917, and in the Analyst, 1915, xl. 41. Briefly, 
the capillary tube errors may amount to, but 
will not exceed, one unit of the divisions if the 
thermometer is used without special calibra¬ 
tion, but this may be reduced to 0-01 division 
or 0-001° by calibration in special cases. 
External and internal pressure and temporary 
depression of zero errors are negligible hr the 
conditions of use of thermometers in bomb 
calorimetry. The other errors can best be 
eliminated by determining the water equivalent 
of the calorimeter with the same weight of 
water at different temperatures, and therefrom 
plotting the apparent water equivalent as a 
function of the temperature. In determining 
the water equivalent, a pure substance such as 
benzoic acid or pure cane sugar of which the 
calorific value is accurately known is burned 
in the calorimeter. 

The errors in thermometry in connection 
with flow and other calorimeters in which the 
rise of temperature measured is more than 
10° comprise many of the foregoing, and others, 
such as that for the varying length of stem 
exposed to the atmosphere, which may be 
largely eliminated by appropriate design of 
the calorimeter. While the exposure of the 
thermometer stem to the air of the room may 
conceivably in certain calorimeters account 
for an error of as much as 0-1°, it is very rare 
that the error is more, than one-fifth of this 
amount, owing to the fact that the thermo¬ 
meter stem is usually so situated that its 
temperature is more nearly that of the bulb 
than that of the air of the room. The correction 
which would otherwise be appropriate for the 
exposed stem of the thermometer becomes 
largely merged in the general correction for 
radiation and other heat losses from the 
calorimeter itself. 

In all calorimetry where readings are made 
on two thermometers it is essential that the 
thermometers should be re-standardised at 
intervals of about twelve months until it is 
demonstrated thereby that there is no further 


change of zero through lapse of time. The 
artificial ageing of thermometers, though of 
great service, is not always equally effective, 
and is frequently neglected even with thermo¬ 
meters purporting to be of high grade. 

§ (8) Incidental Heat Losses. —Radiation 
from the instrument is, with the majority of 
types of calorimeter, the most important of 
the incidental heat losses. In the bomb ty po 
of calorimeter its effect may bo eliminated 
{i.e,. reduced to not more than 0-05 per cent) 
by the application of a formula, deduced from 
Newton’s law of cooling, by Rognault, 
Pfaundler, and Oussoff. The following obser¬ 
vations are needed : T,„ the mean temperature 
of the calorimeter, and t„, the final temperatri.ro 
during the initial period.; t, the final tempera¬ 
ture of the principal or combustion period, 
and T', the mean temperature of the calori¬ 
meter during the final or cooling period. Them 
if n is the number of minutes in the principal 
period, V n the mean loss iff heat in a minuto 
during the initial period, V the mean loss of 
heat in a minute during the principal period, 
V' the mean loss of heat in a minute during the 
final period, and S the sum of the minuto 
readings of the thermometer during tho 
principal period, wo find for tho correction 
nV the value 


»V 0 + « 


y'. 




For let q bo the rate of loss of boat per unit differ¬ 
ence of temperature between the calorimeter and tho 
air, T the air temperature, l t , . . . In the tempera¬ 
tures of the calorimeter at the ends of tho first, second 
. . . n' minutes ; t n is equal to t the final temperature. 
The mean temperatures during the first, second . . . 
nth minutes arc • * • . 

and by Newton’s law of cooling the loss of heat in 
each minute is 


?{i(<o + <x)-T}. !?U(h + y--T|- • ■ » 

7 !i(G-i I I) T> . 

Tho total loss of heat in the principal period is 
nV. TJius adding these quantities 


» r »’j- 

»ff{fl + l(V-0“«T}. 

Also sinoe T 0 is tho average temperature during tho 
initial and T' during the final period, 

V 0 -(/[T () t!> V^/'T'-t!-. 

Thus 7 -mv 

T'-To 

while T-T (1 - V °. 

7 

Substituting these values wo have 

»V-nV 0 I- + 1 «o— t) -»T 0 }. 

Huntly 1ms pointed out {loo. oil.) that for a given 
instrument, a given class of^fuel, and a constant rate 
of stirring, this formula may bo simplified, because 
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these are the three conditions which determine the 
shape of the time-temperature curve, and if they aro 
constant S/T' - T 0 becomes a constant which can ho 
ascertained once for all. 

The foregoing formula eliminates also the 
losses due to evaporation, and the gain from 
the development of heat due to the friction 
of the stirrer. The value of the radiation 
correction can be reduced to an amount which 
may be neglected by using in the calorimeter 
water a few degrees lower in temperature 
than the surrounding air. This method of 
equalising the heat transfers to and from the 
instrument is frequeiitly applied in continuous 
water-flow calorimeters in order to render un¬ 
necessary special corrections for radiation, etc. 

The heat of fusion of the ignition wire, and 
the heat of combustion of any cotton or 
collodion attached to it, are allowed for, if 
conditions are kept constant, in the determina¬ 
tion of the water equivalent of the bomb 
calorimeter. A certain amount of nitric acid 
is produced from the atmospheric nitrogen 
initially in the bomb, or from nitrogen (if any) 
in the fuel, and this is fairly constant for a 
bomb of given capacity used on similar fuols 
with the same oxygen pressure, etc. It will 
he responsible for a liberation of 3 to 12 calories, 
according to circumstances, and is deducted 
from the observed calorific value in all the 
more accurate calorimetric work. A little 
water is put in the bomb before it is closed, 
and this absorbs the nitric acid formed, which 
is subsequently determined by titration with 
standard alkali, and the necossary deduction 
calculated accordingly. If the fuel' contains 
sulphur, the latter is oxidised in the bomb 
wholly to the trioxide, which is absorbed by 
the water therein. It is customary to assume 
that in the combustion of fuel in grates and 
furnaces, sulphur is oxidised to sulphur 
dioxide only, and a deduction is accordingly 
made from the observed calorific value in 
respect of the additional heat developed 
in the bomb from the sulphur. The propor¬ 
tion of sulphur present is ascertained by a 
determination of the sulphuric acid in the 
water contained in the bomb. The assump¬ 
tion that sulphur in fuel, e.g. coal, when the 
latter is consumed in a furnace, is oxidised 
to sulphur dioxide only is now known to bo 
incorrect, as sulphur trioxido is always formed 
also—more or less according to tho furnace 
conditions, etc. It is, on the whole, better to 
omit the sulphur correction, as, at least in some 
uses of a fuel, it is possible that very nearly the 
whole of the sulphur is burnt to tho trioxide. 

§ (9) Details oe Manipulation. — Tho 
principal corrections and sources of error in 
fuel calorimetry, with the Berthelot bomb 
in particular, have been enumerated, and it is 
only necessary in regard to determinations 
of calorific value with the bomb to refer to 


one or two points in its manipulation with 
different types of fuels. It is usually filled 
with oxygen to a pressure of 25 atmospheres, 
but higher pressures are used with a view 
to securing complete combustion of coke, 
anthracite, and other not readily combustible 
fuels. The platinum or gold lining of the 
Berthelot bomb is replaced in the Mahlor 
and other industrial types by an enamel 
lining, which docs not affect the accuracy of 
the results obtained so long as it remains sound,, 
but it needs renewal from time to time. The 
capacity of the bombs for industrial use is 
generally appreciably greater than that of 
the platinum-lined Berthelot bomb, reaching 
as much as 750 c.e. as compared with 250 to 
GOO c.e. for tho latter. 

§ (10) Highly Volatile Liquids. —Tho 
determination in the bomb of tho calorific 
value of highly volatile liquid fuels, such as 
petrol, benzol, and, in particular, tlie motor- 
spirits produced by tho cracking of heavy 
mineral oil, etc., is a problem presenting special 
difficulties. The partial volatilisation of such 
liquids in tho bomb leads to error in the results, 
due partly to tho heat of evaporation of an 
uncertain proportion of tho substance and 
partly to incomplete combustion of tho vapour. 
Berthelot’s method of weighing out tho volatile 
liquid in a small glass bulb which is scaled, 
or in a tiny thin-glass flask with ground-in 
stopper, and placing round this in the bomb 
a known weight of camphor, naphthalene, or 
other combustible of known calorific value, 
answers well. Tho ignition and combustion 
of tho camphor -expels tho liquid, which is 
forthwith completely burnt. A less satis¬ 
factory alternative, also suggested by Berthelot, 
is tho uso of a capsule of collodion, into which 
tho ignition wire passes, for containing tho 
volatile liquid, which is then burned without 
tho addition of camphor, etc. Some workers 
substitute celluloid for collodion. 

Tho calorific value of highly volatile liquids 
may also he determined, if thoir latent heat 
of evaporation has boon ascertained, by com¬ 
bustion of tho vapour in a special lamp or 
burner in one of tho forms of flow calorimeter 
used for gaseous fuels, and this is tho best 
mothod when largo numbers of determinations 
have to bo made on different samples of 
volatile liquid, e,g. motor-spirit. 

§ (11) W ATEiMfLOW Gas Calorimeters.— 
Tho most widely known of tho early forms of 
water-flow gas oalorimetor is that of Junkers, 
which, however, resembles in principle an 
instrument designed earlier by Hartley. These 
calorimeters and subsequent modifications _ 
of them consist of an assembly of parallel' 
vertical condenser tubes, down the interior 
of which pass the products of combustion fc\ * 
a gas burner, while water flows upwards jt 1 
their exterior. The gas burner is irA'A^ 



410 


FUEL CALORIMETRY 


centre of the vertical cylindrical space formed 
by the annular water chamber of the con¬ 
denser, which water chamber extends inwards 
at the top and forms a roof over the burner 
chamber. The gas is burned at a uniform 
rate, measured by an experimental meter 
of the wet type, and the rate of flow of the 
water, which forms a counter current to the 
gaseous products of combustion, is also 
uniform and is measured. The difference 
between the inlet and outlet temperatures 
of the water flowing through the instrument 
affords a measure of the calorific value of the 
gas, since the quantities of water and of gas 
supplied to it in any convenient interval of 
time are known. Another form of water- 
flow calorimeter, designed by C. Y. Boys, has 
the water flowing through a continuous coil of 
tube, the heat-absorbing surface of which is 
increased by coils of Clarkson wire or discs 
joined to it by tin or solder, while the products 
of combustion pass in a counter current 
through the annular spaces in which the tube 
is coiled. The Boys calorimeter is the stand¬ 
ard instrument prescribed by the gas referees 
for ascertaining the calorific value of town 
gas supplies in the United Kingdom. 

Various modifications of the Hartley, 
Junkers, and Boys calorimeters have been 
introduced, especially in the United States 
of America, mostly with the object of eliminat¬ 
ing possible sources of small errors, for which 
corrections can be readily introduced wherever 
the degree of accuracy of the determination 
in other respects warrants it. Many of these 
errors are wiped out automatically if the 
testings are made in a room of uniform 
temperature, and with the water supply to 
the instrument at a very slightly lower 
temperature than the air of the room. Since 
there is a contraction of volume on the com¬ 
bustion of most gases, an error is introduced 
if both the gas and the air supplied for its 
combustion are fully saturated with water 
vapour, due to the heat of vaporisation of 
the water vapour condensed from the lost 
volume being added to the heat directly 
resulting from the combustion of the gas. 
Atmospheric conditions of temperature and 
humidity in the United Kingdom are, as a 
rule, such that the results obtained with a 
gas calorimeter supplied with air which has 
not been artificially humidified need very little, 
if any, correction on account of the humidity 
of the air and the contraction on combustion. 

Errors of thermometry, as already men¬ 
tioned, are common to nearly all types of fuel 
calorimeters, and can be eliminated in gas 
calorimetry by the usual precautions and cor¬ 
rections. Errors due to radiation and con¬ 
vection currents vary with the form of the gas 
calorimeter, and if the calorimeter room is of 
fairly uniform temperature, can be eliminated 


by the use of a correction factor, which varies 
slightly with the room and water temperatures. 
It can be determined experimentally for a 
particular set of working conditions. 

The errors of the calorimetry proper arc 
commonly of smaller dimensions than the 
error of measurement of the gas burnt in 
the calorimeter. This measurement has ordin¬ 
arily a minimum error of one-third of 1 per 
cent either way, but it is quite easy to reduce 
this error to about ±0-2 per cent, which may 
bo taken as the possible error in the calori¬ 
metry proper when all ordinary precautions 
are observed. In special conditions and with 
exceptional precautions, the aggregate error 
in gas calorimetry, including tho error of gas 
measurement, need not exceed + 0-2 per cent. 

§ (12) Recording Calorimeters.— Calori¬ 
meters for producing a continuous record of 
the calorific value of gas have been made for 
some years past by Junkers and others, and in 
the United Kingdom the gas referees are now 
required by the Gas Regulation Act to pre¬ 
scribe a recording calorimeter for testing 
continuously the calorific value of the gas 
supplied to consumers in all tho larger towns. 
As„a fact, however, up to the time of writing, 
no recording gas calorimeter has been approved 
as of a sufficiently high degree of accuracy and 
trustworthiness for use in such official testings. 
The design of an instrument which will meet 
these conditions is now earnestly engaging tho 
attention of physicists, and several patterns 
are already on trial. A recording gas calori¬ 
meter should embody means for : (i) furnish¬ 
ing a flow of gas to a burner at a known and 
constant rate, in terms of unit volume at 
normal temperature, pressure, and humidity, 
irrespective of fluctuations in the tempera¬ 
ture, absolute pressure, and density of tho 
gas; (2) furnishing a flow of water through 
the calorimeter at a known constant rate, 
irrespective of fluctuations in its temperature 
(and of tho consequent fluctuations in its 
viscosity), salinity or hardness, and content 
of dissolved gases, and (11) measuring tho 
difference in temperature of tho water entering 
and leaving the calorimeter, and recording on 
a sufficiently open chart tho product of it and 
the factor which for tho given rates of flow 
of water and gas gives tho calorific valuo of 
unit volume of tho gas. 

There are minor points, such as tho effect 
of varying humidity of the air supplied for 
combustion of the gas, which have to be borne 
in mind in tho construction of an ideal record¬ 
ing gas calorimeter. It is a comparatively 
easy matter to design an instrument which 
will afford a fairly precise record for, say, 
24 hours, at the beginning and end of which 
period its indications are checked by personal 
observations. The problem now is to design a 
recording calorimeter which will automatically 
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Table of Calorific Values 



Average 
Calories 
per Kilo. 

Error of 
Determina¬ 
tion. Calories. 

Anthracite (dry) .... 

8,300 

± 15 

Admiralty Smokeless Steam 
Coal (dry). 

8,250 

+ 15 

Bituminous Steam Coal (dry) 

8,000 

±15 

Bituminous Gas Coal (dry) . 

7,800 

±15 

Scotch Splint Coal for blast 
furnaces (dry) 

7,400 

± 15 

Durham Oven Coke (dry) . 

7,(tOO 

+15 

Gas Colco (dry) .... 

7,400 

±15 

Peat (air-dried, 20 per cent 
of wator). 

4,200 

±10 

Heavy Petroleum, for boiler- 
firing and Diesels . 

10,700 

-1-15 

Kerosene. 

11,000 

+ 15 

Petrol . 

11,100 

+ 20 

Benzol, motor-spirit grade . 

10,000 

+ 20 

Alcohol (Methylated Spirit) 

0,400 

+ 15 

Gam measured at 60° F., 30 in. and saturated. 

Coal Gas (Soutli Metro- 

Calorics 
liur Cubic 
Foot. 


politan Gas Co., 1921) 
Town Gas in Great Britain 

140 

±0-30 



(average), 1921 . . . 

120 

±0-25 

Water Gas, unoarburettod . 

75 

+ 0 '20 

Mond Gas (South Stafford¬ 
shire) . 

38 

±040 

Suction Producer Gas, from 
anthracite . 

35 

±040 

Producer Gas, from gas-coke 

37 

+ 040 

Oil-Gas, after compression . 

275 

+ 0-50 


make all necessary adjustments and give a 
trustworthy record throughout a longer period, 
say 8 or 14- days. 

§ (13) Calorific) Values of certain 
Fuels.— The accompanying table gives typical 
or average results for the calorific value of 
samples of various industrial fuels, with the 
approximate error of the determination by 
the host methods and operators in the case of 
a particular example. The margin of differ¬ 
ence between the calorific values of different 
samples of the same class of fuel is, of course, 
very much larger than this error of deter¬ 
mination. W. J. A. B. 


Fuels for Petrol Engines. See “ Petrol 
Engine, The Water-cooled,” § (3). 

Function, Unknown, Experimental Deter¬ 
mination of, when the non-dimensional 
variables connected by the unknown 
function have been discovered by the 
method of dimensions. See “ Dynamical 
Similarity, The Principles of,” § (31). 

Function, Unknown, More Accurate De¬ 
termination of, by dynamical similarity, 
in the ease of heat loss from long circular 
wires past which air is streaming. See 
“ Dynamical Similarity,' The Principles of,” 
§ (33). 

Fusion, Latent Heat of : a term used to 
denote the quantity of heat required to 
convert unit mass of a solid at the melting- 
point into liquid at the same temperature. 
See “ Latent Heat,” II. 


Gr 


Gaede Rotary Pump. See “ Air-pumps,” 
§ (17). 

Gamma, the Ratio of Specific Heats of 
Gases, at constant pressure and at constant 
volume. See “Engines, Thermodynamics 
of Internal Combustion,” § (19) (ii.); 
“ Thermodynamics,” § (15). 

GAS CALORIMETER 

§ (1) Introductory. —To measure the lioat 
of combustion of gas some form of flow 
calorimeter is usually employed. The gas is 
burned at a measured rate in a special burner, 
which is surrounded by a coil of motal tubing 
through which there is a steady and con¬ 
tinuous flow of water. The apparatus is so 
arranged that the products of combustion as 
they rise from the burner give up practically 
the whole of their heat to the water. An 
increase in the temperature of this wator is 
thus produced, and by measuring this increase 
and the total flow when the temperatures have 


become steady, the heat produced can bo 
calculated. In some forms of apparatus air 
is used in place of water. 

It is necessary to wait until a steady state 
has been reached, for when the apparatus 
is first started much of the heat is used in 
raising the temperature of the calorimeter 
itself." Tlve fundamental quantities which it 
is necessary to know are the rate of flow of 
the gas, the quantity of wator passing in a 
given time, and the difference in temperature 
between the inflowing and the outflowing 
wator. Corrections are required, as described 
in the article on “ Fuel Calorimetry,” for the 
loss of heat by radiation from the calorimeter 
and for the heat given out by the steam 
formed by the combustion in condensing to 
wator. The escaping products of combustion, 
moreover, may bo either warmer or oooler 
than the gas and air entering the calorimeter ; 
they may ocoupy a smaller volume and are 
saturated with water vapour. They may 
therefore contain a small quantity of heat 
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due to combustion, which must be added to 
that found from the flow of water, or if the 
temperature of the water is low they may give 
up heat not due to the combustion, and this 
must be subtracted from the calorific value 
found from the flow and rise of temperature 
of the water. 

§ (2) The Standard Calorimeter of the 
Gas Referees. —In Fig. 1 is shown the Boys 
Gas Calorimeter, the standard instrument 
authorised for use by the Gas Referees. The 
calorimeter is composed of three parts: (1) The 
base A, which carries a pair of steatite burners 
B and a regulating tap. The upper surface 



of the base is covered by a plate of metal, 
perforated at the centre and held in place by 
three centring blocks C. Below the plate is 
a recess the bottom of which is covered by 
felt, and six holes Z drilled in the base give 
communication with the outer air. A tube 
X of fibre conducts the air to the base of the 
burners. 

(2) An annular copper vessel D, jacketed 
by felt R and protected by an outer covering 
S, rests on the blocks C and is centred by them ; 
the interior surface of this vessel forms a 
chimney E; it is also fitted with a con¬ 
densed water drip F. Air enters between the 
blocks C. 

(3) The top of this vessel D is closed by 
the lid G, to which is attached the water 
circulating system of the calorimeter. The 
water enters at 0 through an inlet box which 


contains the thermometer by which its tempera¬ 
ture is measured. 

In order to maintain a uniform flow the 
water-supply comes from an overflow funnel 
fixed to the wall at a height of about one 
metre above the base of the calorimeter. A 
tube leads from this funnel to the inlet pipe 
of the calorimeter, and in this tube is a dia¬ 
phragm with a hole about 2-3 mm. in diameter. 
A second tube is connected to the water- 
supply through a regulating tap, while a third 
tube, the open end of which is at a height of 
about two inches above the bottom of the 
funnel, is connected to the waste sink. The 
tap is opened until there is a slight trickle 
of water through this third pipe; thus a 
constant head is preserved. 

The water circulates through a helix of 
copper tubing to the bottom of tlio calori¬ 
meter and then up again to the top, where 
it enters a temperature equalising box M ; 
hence it passes through baffles to the out¬ 
flow box P; this contains the second ther¬ 
mometer, by which the temperature of tho 
outflowing water is measured before it finally 
escapes as indicated in tho figure. Between 
the outer and inner coils M and N is placed 
a brattice or annular partition Q, containing 
cork dust so as to act as a heat insulator ; tho 
top of this is closed in an air-tight manner 
by a wooden ring which prevents the access 
of moisture to the cork. 

The products of combustion rise in tho 
chimney E, then pass down over tho coils Mi 
between the chimney and tho inner surface 
of the brattice, rising again in the annular 
space between its outer surface and tho 
inside of the vessel D, and finally escape 
through a number of holes in tho lid, their 
temperature being measured by a thermometer 
fitted, as shown at G, for this purpose. Their 
heat is given up to tho water circulating in tho 
coils, and its amount is measured by tho rise 
in temperature of this water as indicated by 
the difference' between tho thermometers C) 
and P. 

Tho steam formed by tho combustion is 
condensed by its passage over tho coils, and 
tho wator of condensation escapes by tho 
outlet E and is measured. 

§ (3) Method of Exfhriment. —In carry¬ 
ing out an experiment tho gas is fed to tho 
burner through a motor and a pressure regu¬ 
lator. The tap of the calorimeter is regulated 
so that the meter hand makes one revolution 
in from GO to 75 seconds. Tho water is allowed 
to flow through the calorimeter and tho gaa 
lighted; the whole is loft for not loss than 
30 minutes for the temperatures to become 
steady, the thermometers being read from 
time to time. Tho ©scaping water passes into 
a change-over funnel, the position of - which 
can be rapidly altered so as to direct tho flow 
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either into a measuring flask suitably placed ’ 
to receive it, or to a waste water sink; during 
the preliminary interval the water runs to 
waste. As the meter hand approaches division 
75, after the temperatures have become steady, 
the observer reads the inlet temperature; as 
the hand passes the 100 mark he shifts the 
change-over funnel so as to direct the flow 
into the measuring flask, and starts a stop- 
watoh. As the hand passes division 25 ho 
reads the outlet temperature. At each 
quarter turn afterwards the outlet tempera¬ 
ture Is read until fifteen readings havo been 
taken ; the hand is then at 75 ; as it passes 
division 100 for the fifth time— i.e. after four 
complete turns—the change-over funnel is 
shifted and the stop-watch stopped. At each 
turn of the meter except the last, when tho 
hand is between 75 and 100, the temperature 
of the inlet water is read ; thus there, are four 
readings of this temperature. Immediately 
after the flow has been directed to the waste, 
the temperatures of the gas and air supply 
and of tho effluent gases are read; the baro¬ 
meter reading, and also the readings of the 
wet and dry bulb thermometers, used to 
determine the hygrometric state of the air, 
are also taken, and the amount of water of 
condensation which has escaped from tho 
outflow F is noted. 

The difference between tho moan of tho 
fifteen outlet temperatures and that of the 
four inlet temperatures gives the rise of 
temperature of tho water; tho quantity which 
has passed is known from tho indications of 
tho measuring flask. Tho product of those 
two quantities measured in proper units 
gives the total heat produced—this, as already 
indicated, needs certain corrections ; if tho 
thermometers are divided in centigrade degrees 
and the measuring vessel in cubic centimetres, 
the result is in calories. Tho meters employed 
under the Gas Referees’ regulations allow 
ono-twelfth of a cubic foot of gas measured 
at a temperature of 60° F. and a pressure of 30 
inches of mercury to pass in each revolution, 
and when in use the time of a revolution 
should he about one minute. If the pressure 
and temperature at the time of observation 
have not these standard values, tho meter 
readings require correction. This is facili¬ 
tated by a table given in tho Notification of 
the Gas Referees, 1 to which the reader is 
referred for further particulars, including 
details as to the application of tho various 
corrections. 

The measuring vessel is a flask with a com¬ 
paratively narrow neck graduated from 1600 
to 2400 c.c. In tho ordinary use of tho calori¬ 
meter the amount of water passing in four 
minutes should be adjusted so as to ho suffi- 

1 Metropolis Gas, Notification of the Gas Referees for 
the year HUS. II.M. Stationery Office. 


dent to fill it above the lowest graduation, 
but insufficient in live minutes to come above 
the highest division. This flask must bo certi¬ 
fied by tho Referees; the regulations also 
require that the meter should be checked 
from time to time, and instructions are given 
as to the uso of the wot and dry bulb ther¬ 
mometers employed to measure tho hygro- 
metric state of the air. 

§ (4) Recording Calorimeters. —As ex¬ 
plained in tho article on “ Fuel Calorimetry,” 
the Gas Rofcreos are required to prescribe a 
recording calorimeter for testing continuously 
tho calorific value of gas supplied in the larger 
towns, and various investigators are at work 
on tho problem. At the presold timo no 
instrument has been prescribed. Among the 
instruments already produced are tho Sim- 
manco and tho Thomas recorder. 

§ (5) Simmance’s Total Heat Recording 
Calorimeter. — This instrument consists, 
as any such apparatus must, of two parts, 
tho calorimeter proper and tho recording 
device; tho calorimeter is a flow calorimeter, 
modified, as will be described shortly; 
tho record is obtained from a curve which 
gives continuously tho temperature differ¬ 
ence between tho inflowing and outflowing 
water. If tho gas be supplied at a con¬ 
stant known rate corrected for pressure, 
temperature, and humidity, and the water 
flow also at a known uniform rate, the tem¬ 
perature difference measures tho heat produced 
by tho combustion. 

Tlio gas is supplied through a pressure regu¬ 
lator to tho motor; it passes through a speci¬ 
ally constructed governor placed some three 
foot above tho calorimeter, and then through 
a vertical iron pipe to the burner, whence it 
issues at the pressure of tho atmosphere in 
tho combustion space. Any change in tho 
density of tho gas or in tho atmospheric pres¬ 
sure causes a change in the pressure under 
tho boll of tho governor, and tho movement 
which occurs’ operates a valve, thus checking 
or increasing tho flow of gas to the humor. It 
is claimed that tho rate of efflux from tho 
burner orifice is thus regulated and remains 
.constant whatever tho density of tho gas may 
ho. In a report on tho instrument recently 
issued by tho Department of Scientific and 
Industrial Research a it is stated (p. 22) “ that 
tho claim that the gravity meter automatically 
applies a correction for the varying pressure 
of tho gas is substantially true.” 

Arrangements are made whereby the air 
suppliod for combustion is maintained at tho 
temperature of tho cold water and is saturated 
at that temperature, while tho products of 

* Fuel Research Ron.nl, Technical Paper No. 2, 
Report on the. Simmatm Total, Ileat Recording 
Calorimeter, by Thos. Gray and Alfred Blaidde. H.M. 
Stationery Office. 
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combustion escape at a temperature about 
l°-5 above this. The water enters the calori¬ 
meter tubes under a constant head, and the 
flow is controlled by a needle valve enabling a 
fine adjustment to be made. In this manner 
a uniform flow both of gas and water is 
secured. 

The temperature difference is measured by 
a differential air thermometer; the inlet and 
outlet boxes each respectively contain, in 
addition to the ordinary thermometers, a thin- 
walled copper box ; each of these is connected 
by capillary copper tubing to one of a pair 
of aneroid bellows; they thus form the bulbs 
of a differential air thermometer. The two 
bellows are rigidly coupled by a connecting 
rod; thus the position of the rod depends on the 
difference of pressure of the air in the two 
bellows, and the rod moves as this pressure 
difference varies. 

■Changes in the pressure difference are in¬ 
dicated by a suitable mechanism attached to 
the rod and recorded by a pen on a moving 
chart. Before starting the calorimeter, when 
the whole apparatus is at one temperature, a 
connection is opened between the bellows so 
that the pressures in the two are equal; the 
connection is then closed and the apparatus 
started; as one of the two copper boxes is 
heated the pressure of the enclosed air rises 
proportionately to the rise of temperature, 
and hence the mechanism indicates the tem¬ 
perature difference between the outflowing and 
inflowing streams. 

If the chart moves uniformly and the water 
flow is also maintained at a uniform rate, the 
ordinates of the curve traced measure the total 
heat produced. 

The calorimeter is put into adjustment by 
determining the calorific value of the fuel 
in the ordinary way by the aid of the ther¬ 
mometers provided with the instrument; 
the pen is then set at this value corrected to 
normal pressure and temperature, and the 
instrument gives a continuous record. 

The report already quoted concludes with 
the statement that “ the variation of the 
recorder seldom exceeded 2 per cent, notwith¬ 
standing the fact that the temperature of the 
air and water were not artificially controlled, 
and there is a prospect that the limits of error 
may be substantially reduced.” 

§ (6) The Thomas Recording Calorimeter. 
—In this instrument the cooling medium is 
air, not water; the gas is burned in a closed 
space; the products of combustion pass down¬ 
wards through a tube surrounding the burner. 
The tube is surrounded by a second tube 
through which a stream of cooling air passes 
upwards; this tube is open at the top, but is 
covered by a cap which forces the cooling 
air to flow back outside the tube, and 
finally to escape into the atmosphere. The 




difference of temperature betweon tho in¬ 
coming and outgoing air is recorded by tho 
instrument, and the rate of flow bom" 
known, and also the specific heat of 
the total heat produced by the combustion 
is obtained. 

The temperature difference is measured by 
two resistance thermometers connected to a 
special form of Wheatstone’s bridge in such a 
manner that tho difference between tho two 
resistances is recorded ; the galvanometer of 
the bridge acts as relay actuating the recording 
mechanism. The gas to bo tested, the air 
required for combustion, and tho cooling air 
are supplied through three wet meters, which 
are connected together in such a way that 
the quantities supplied bear a constant ratio 
to each other. These meters are partially 
submerged in water in a large tank, and tho 
air supply is drawn from above tho water 
in the tank : it is thus saturated at tho pres¬ 
sure and temperature of tho tank. The gas 
supply passes through a governor which is also 
submerged in tho tank it is subject, therefore, 
to the same changes of pressure and tempera¬ 
ture as the cooling air. 

Since the quantities of gas burned and of 
air employed to cool tho products of combus¬ 
tion to their initial temperature boar a con¬ 
stant ratio to each other, tho rise of tempera¬ 
ture is a measure of tho total heat produced 
independently of the rate of flow. The gas 
and the air required for its combustion arc 
supplied in proper quantities by tho respective 
meters and mix in a mixing chamber before 
they reach tho burner. 

The apparatus is set by burning gas of which 
tho calorific value has boon determined in¬ 
dependently ; it will then record variations in 
the calorific power. . 


Gas-constant. Tho ratio of the product of 
the pressure and volume of any gas to its 
absolute temperature which is a constant 
quantity if the gas laws are assumed to hold 
strictly. Its value if p is measured in 
atmospheres and v in cubic centimetres is 
82-04. See “ Thermodynamics,” § ((>). 
Gas-displacement (Humphrey) Pump. Sea 
“ Hydraulics,” § (42). 

Gas Engines : 

Relation of weight to power in. Soo 
“ Engines, Internal Combustion," § (7). 
Types of. Seo ibid. § (4). 

Gas Laws, Deviations prom the, various 
methods of expressing. See “Thermal 
Expansion,” § (25). 

Gas-scale Corrections: at temperatures of 
-100°, 50°, 400°, 1000°, comparison of, in 
■ thousandths of a degree, tabulated. See 
“ Temperature, Realisation of Absolute Scale 
of,” § (20), Tables 5, 6, 7, 8. 
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Gas Scale of Temperature : 

Correction to. See “ Thermometry,” § (5), 

Measure of Temperature by. See “ Thermo¬ 
dynamics,” § (4 ); “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § ( 8 ). 
Gas Thermometer, the Actual. See 

“ Temperature, Realisation of Absolute 

Scale of,” § ( 8 ). 

Gases: 

Kinetic Theory of. See “ Thermo- 
, dynamics,” § ( 66 ). For Expansion of 
Gases see also § (4) of same article. 

Methods of measuring Thermal Conduc¬ 
tivity of. Cooling Thermometer Method 
—Hot Wire Method—Film Method. See 
“ Heat, Conduction of,” § ( 8 ). 

Relation of Thermal Conductivity, Viscosity, 
and Specific Heat. See ibid. § (10) (iii.). 

Thermal Conductivity of Mixture. Seo 
ibid § ( 10 ) (iii.). 

Values of Thermal Conductivity of. See 
ibid Table V. 

Gases, Specific Heats of : 

By Electrical Methods. Seo “ Calorimetry, 
Electrical Methods of,”.§ (13). 

Determined by the “Method of Mixtures.” 
See “ Calorimetry, Method of Mixtures,” 
§ (14). 

At High Temperatures. See ibid § (16). 

Variation of, with Temperature and Pressure 
(over moderate ranges). See ibid § (15). 

GASES, SPECIFIC HEATS OE, AT HIGH 
TEMPERATURES 

§ (1) Introduction.— An increase in the in¬ 
ternal energy of a gas may be accompanied 
not only by an increase in the linear and 
rotational kinetic energy of the molecules as 
a whole, but also (except for monatomic gases) 
by an increase in the intra-molocular energy of 
vibration of the atoms. This energy taken up 
in atomic vibration might be expected to 
increase with the temperature, thus loading to 
a greater increase of internal energy per degreo 
rise of temperature, or in other words a higher 
molecular thermal capacity or volumetric heat, 
at constant volume. 

All gases which are not monatomio do in 
fact show a specific heat increasing with the 
temperature. The monatomic gases should, 
according to the kinetic theory of gases, all 
have a volumetric heat which is independent 
of the temperature and equal to j)R, where R 
is the absolute gas constant =1-987 cal. per 
gram mol. Moreover 7 , the ratio of the 
volumetric heats at constant pressure and 
volume, should be 1-66. Both these results 
have been verified experimentally. Kundt 
and Warburg found 7 for mercury vapour 
1-67 and Ramsay found it for argon 1-659 
and for helium 1-652. Pier has measured the 
volumetric heat of argon up to 2000 ° C. by 


explosion experiments with oxygon and hydro¬ 
gen, and up to this temperature could find no 
sensible variation from the theoretical valuo 
2-98 cal. per gram molecule. 

In the case of a perfect gas there can bo no 
variation of volumetric beat with the pressure, 
since 



and tlie right-hand side of each oquation is 
zero if pw and T occur in the characteristic 
equation in the first degreo only. In the case 
of air Witkowski found that Cv and Cp in¬ 
creased with the pressure when the tempera¬ 
ture was constant, but the variation only 
becomes largo at very low temperatures, and 
above 0 ° 0 . the volumetric heats are nearly 
independent of the pressure. For tho three 
diatomic gasos N a , 0 2 , and CO, which are of 
importance in connection with internal com¬ 
bustion, engines, it may safely bo assumed 
that C 3 , and 0,„ aro independent of tho pressure 
for the range of temperature 100° C.-3000 0 0. 

It has boon suggested 1 that tho volumetric 
heats of C0 8 and I-I a O may ho dependent to 
an appreciable extent on pressure as well as on 
temperature and that they will diminish for 
any given temperature tho greater the density. 
This is tho reverse of what has boon observed 
at low temperatures, and, as shown below, it 
seems unlikely that, with C 0 2 at any rato, 
it is so to any sensible oxtent for the tem¬ 
peratures of 1000 ° 0 . and upwards with which 
one is chiefly concerned. In tho case of super¬ 
heated steam, for which tho critical tempera¬ 
ture is 365° 0 ., tho experiments of Knoblauch 
and Mollior liavo shown conclusively that tho 
volumotrio heats increase considerably with 
tho pressure for temperatures up to 500” C. 
probably there is some variation with pressure 
above this temperature, but the amount is 
likely to ho too small to be of any importance 
in internal combustion engines: according to 
Knoblauch and Jacob the variation of Op 
between 2 and 8 atmospheres at 600° (J. is 
only about 0-6 per cent, and this will probably 
diminish rapidly as the temperature gets well 
above the critical tomporaturo. Since the 
critical temperature of OO a is some 330° 0. 
lower than water, it seems very improbable 
that its volumetric heats vary appreciably with 
the pressure at gas-engine temperatures. 

§ (2) Methods of Measurement.—A t¬ 
tempts to measure tho volumotrio heats of 
air, CO a , and H 2 0 at high temperatures have 
boon of three types. 

(i.) Constant pressure experiments, in which 
the gas is heated externally, usually at atmo¬ 
spheric pressure. 

1 W. T. David, Phil. Mag. xxxix. 561. 


416 


GASES, SPECIFIC HEATS OF 


(ii.) Experiments in which, the change of 
mean temperature of a mass of gas is measured 
while a known amount of work is done on or 
by the gas. The change of temperature is 
calculated from the change of pressure, as 
measured on an indicator diagram. 

(iii.) Explosion experiments, the gases being 
kept at constant volume. 

The principal measurements in the constant 
pressure class (i.) have been made byRegnault, 1 
Wiedeman, 2 Holborn and Austen, 3 Holborn 
and Henning, 4 and Swann 5 ; those of class (ii.) 
by Dugald Clerk®; and those of class (iii.) by 
Mallard and Le Chatelier, 7 Langen, 8 and more 
recently by Pier 9 and Bjerrum. 10 

In April 1908 the late Professor B. Hop- 
kinson gave, 11 in his paper on “ The Thermal 
Efficiency of Gas Engines,” a curve of internal 
energy and temperature for the working fluid 
in his engine compiled from the best data at 
that time available. In September of the 
same year the Committee appointed by the 
British Association to investigate “ Gaseous 
Explosions, with Special Reference to Tempera¬ 
ture,” made its first report. In this a valuable 
summary of the position of knowledge at that 
date as regards specific heats of gases at high 
temperature is given, together with a careful 
criticism of the probable accuracy of the vari¬ 
ous methods of experiment. 

(i.) Constant Pressure Experiments. —■ The 
highest temperature reached in experiments 
of the constant pressure type is 1400° G., 
by Holborn and Henning, 1 and it is doubtful 
whether anything higher could usefully be 
attempted owing to the very great technical 
difficulty of carrying out constant pressure ex¬ 
periments at these high temperatures. 12 Since 
1908 the results of Swann’s experiments on 
air and C0 2 have been published, and although 
they were only made at 20° and 100° C. they 
are important as giving a reliable datum-line 
figure for the volumetric heats at ordinary 
temperatures. The Gaseous Explosions Com¬ 
mittee accepted Swann’s values as correct to 
1 per cent, as folknvs : 

At 20° 0. At 100° 0. 

Air. 5-0 Cal. per gr. mol. 

Carbon dioxide . G-93 7-76 ,, „ 

(ii.) Cleric's Experiments . 1S —The experiments 
of Clerk (class ii.) cover about the same 

1 Mdmoires de VAcadimie, Jan. 2G, 18G2. 

2 Ann. der Physik., 1876, clvii. 

3 TFfss. Abhandl. der Raichsanstalt, 1905, iv. 

I Ann. der Physik, 1907, xxiii. 899. 

5 Proc. Roy. Soc. A, 1909, lxxxii. 

0 Ibid. A., lxxvii. 

7 Ann. des Mines, 1883. 

8 Zeit. des Ver. Dentschen Ing., 1903, xlvii. 

8 Zeit. fiir Elektrochem., 1909, xv. 53G ; 1910, xvi. 
897. 

10 Zeit. fur phys. Chem., 1912, Ixxix.; and Zeit. 
fur Elektrochem., 1911, xvii. 731; 1912, xviii. 101. 

II Proc. Inst. Mech. Eng., 1908. 

13 For details see “ Calorimetry," Method of Mix¬ 
tures, § (1G), Electrical Methods, § (13). 

13 See also “ Engines, Internal Combustion,” § (74). 


range of temperature as those of Holborn and 
Henning and gave results about 10 per cent 
higher for the mean volumetric heat. Tho 
accuracy of results from these experiments 
depends very largely on a correct allocation 
of heat loss to tho cylinder walls between tho 
compression and expansion strokes. Clorlc 
first assumed the loss during the two strokes 
to be the same except for the difference of 
mean temperature of tho gas, but this is now 
known to be very far from true, and tho 
difference accounts in part for the high values 
obtained for tho volumetric heat. In order 
to obtain roliable results from experiments 
of this type it is necessary to know more of 
the condition of tho surface layers of gas near 
the cylinder walls during compression and 
expansion. 

(iii.) Explosion Experiments .—The majority 
of' attempts to measure volumetric heats at 
really high temperatures have been by tlio 
explosion method, in which a known mixture 
of gases enclosed in a vessel of constant 
volume is heated by internal combustion. 
The temperature after explosion is infprrod 
from the rise of pressure, and from' this, 
and the known heat of combustion of 
the constituent gases, a value is obtained 
of the mean volumetric heat of the vessel 
contents between tho initial and final tem¬ 
peratures. 

In interpreting tho results of experiments 
of this kind there are several points of im¬ 
portance to consider: 

(«) Tho correctness of the volumetric heats 
by this method depends entirely on an accurate 
allowance being made for any loss of energy 
by conduction of radiation up to tho point of 
maximum pressure. 

( b ) Tho maximum temperature inferred from 
the maximum pressure is a mean temperature 
for the volume of gases. Tho actual tem¬ 
perature range within tho gas is very wide : 
Hopkinson 14 has estimated as much as 1900"— 
1100° 0. when the mean from pressure ob¬ 
servations was 1000° 0. If tho epooiflo boat 
were tho same at all temperatures there would 
be no change of pressure during an equalisation 
of temperature, and Mr. S. Loos 15 of Cam¬ 
bridge University has recently shown that, 
taking the estimated conditions in Hop- 
kinson’s experiment, tho error from this 
cause is probably well im(Ior 1 per cent 
and therefore leas than experimental errors 
of measurement. 

(6) Tho mean volumetric heats are calcu¬ 
lated on the assumption that all tho available 
heat of combustion has been generated in tho 
gas at the moment of maximum pressure. 
That is to say that all the carbon and hydrogen 
are then present as 00 2 and Jl a (). If any of 

u Proc. Roy. Roc. A, lxxvii. 390. 

18 Proc. Qamb. Phil. Roc. xx. pt. iii. 
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the gases are still uncombined, or in other 
words if any of the C0 2 and H 2 0 are dissociated 
at the highest temperature reached, and are 
present as CO + 0 and 2H a + 0 2 , the effect 
will be to lower the maximum temperature 
and give a higher value to the calculated 
volumetric heat. On this account many of 
the results from explosion experiments have 
been called “ apparent volumetric heats ” ; 
meaning that any effect of dissociation 
is included in them so that the true volu¬ 
metric heat will be lower than the “ apparent ” 
value. 

It is important to notice that this use of “ appar¬ 
ent” volumetric heats is highly unsatisfactory for 
two reasons : the amount of dissociation and, there¬ 
fore, the apparent volumetric heat depends not 
only, on temperature but on pressure, and will 
therefore vary according to the starting pressure of 
the experiment; and, secondly, the apparent volu¬ 
metric. heat of products of combustion containing 
both CO. and H,0 cannot properly bo calculated 
from the apparent volumetric heats of CO a and H a 0 
found separately. CO, and II a O liavo a dissociation 
product, O a , in common, and the presence of one in 
a dissociated state will depress the amount of dis¬ 
sociation of the other, and vice, versa. For this 
reason the only satisfactory method is that, used in 
some of the more recent experiments, of which 
results are given below, in which an excess of one 
of the combining elements is maintained during 
combustion sufficient to depress the dissociation to 
a negligible amount. In this way true volumetric 
heats are obtained. 

§ (3) Results of Experiments. —Hopkin- 
son has given, in his paper, 1 figures for the 
mean volumetric heats of air, C0 2 , and H 2 0 
up to 800°, 1400°, and 1900° 0., based on the 
work of Holborn and Henning, Holborn and 
Austen, Langen, and Clerk. These figures 
Hopkinson considered to give the best com¬ 
promise between the rather discordant results 
at high temperatures of Holborn and Henning, 
and Langen. 

Hopkinson’s figures are as follows : 


Mean Volumetric Heat in Calories per Gram 
Molecule for Range 100° C. to t° C. 


t° 0. 

800, 

1400. 

1000. 

CO, . . 

8-9 

10-45 

11-05 

I-I a O . . 

6-50 

7-8 

10-0 

Air 

5-03 

5-55 

54)5 


The energy curves obtained from them are 
shown dotted in Fig. 1. 

Since the above figures were given by 
Hopkinson, a number of values for the 
volumetric heats of N a , C0 2 , and H a O have 
been published by Bjerrum, based upon his 
own and Pier’s results of explosion experi¬ 
ments with hydrogen, carbon monoxide, and 

1 Loc, cit, 


acetylene. These carry the observed volumetric 
heat values up to 2400° C., 2700° C., and 
3000° C. for N a , C0 2 , and H a O respectively. 



The figures given by Bjerrum are as follows : 


t° 0. 
2001 
030 |_ 
1000 I 
1347 J 


15191 
1783 
1951 [ 
2182 
2307 J 


For Nitrogen 2 
Mean Values 0” C.-t° 0. 

Holborn and Henning 


Volum. Heat. 
Gal. Gram Mol. 

4- 73 
4'91 

5- 25 
5-31 


Mean Values 18° 0.-4° 0. 

Pier’s experiments recal¬ 
culated by Bjerrum 


6-43 

6-58 

5-79 

5- 87 

6- 93 


For Water-vapour 2 

Mean Values 110" O.-c" 0. 

6201 f 0'5i 

1000 j- Holborn and Henning -j 0-95 

1327 J { 7-40 


18111 
2110 }■ 
2377 J 
2003] 
2908 V- 
3004 J 


Mean Values 18" 0. 

Pier’s experiments recal¬ 
culated by Bjerrum 


Bjerrum 


7- 92 

8- 54 

9- 37 
10'-00 
10-5 
10'9 


For Carbon Dioxide 8 


2001 
030 I 
.1000 f 
1304J 
1611] 
1839 l 
2110) 


Mean Values 0° G.-t" G. 
Holborn and Henning | 

Pier. i 


7'48 
8'0 
0-83 
9-84 
94)8 
10-28 
10-47 


Moan Values 18° C.-i" 0. 

2714 Bjerrum 1 10-9 

There is no doubt, in the light of Swann’s 
experiments on air, that the values given by 
Holborn and Henning for nitrogen up to 


a Zeitsahrifk fUr EleMrochmie, 1912. 

8 Ibid., 1911. 

* Zeitschrift Mr Physik, Oimme, 1912. 


von. i 
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600° C. are too low. Bjerrum recommends 
the formula C,=4-9 + -00045 t° C. given by 
Pier, or his own formula 1 based on the theory 
of quanta, which give practically identical 
results up to 3000° C. and agree with Swann s 
value for air at 100° C. 

By plotting energy temperature _ curves 
from the figures given above, and talcing into 
account Swann’s for air and C0 2 at 100 C., 
the following values for the mean volumetric 
heats between 100° C. and higher temperatures 
1 ° C. have been calculated, and are given as 
being probably the most accurate at this time 
available. Where volumetric heats are given 
by Bjerrum for ranges 18°-f° and 110°-f°, the 
same figures have been assumed to hold for 
ranges 0°-f° and 100°-f°. In the higher 
ranges for water, where Bjerrum gives figures 
for ranges 18°-i°, the energy has been calcu¬ 
lated from Bjerrum’s figures as though water 
were a gas down to 0° C., and 600 cal. sub¬ 
tracted as the energy of the imaginary gas at 
100° C. . 

It has recently been shown 2 that if, using 


these figures as true volumetric heats and 
Nernst’s constants for the dissociation of 
C0 2 and H 2 0, the actual conditions in an 
engine cylinder are calculated, then results 
are obtained which are in excellent agreement 
with the best experimental engine results. 

§ (4) Critical Comparison or Volumetric 
Heat Figures, (i.) General. — Bjerrum has 
accepted Holbom and Henning’s figures up 
to 1200° C., except as regards their values for 
nitrogen at low temperatures. This is now 
known to be too low, and the formula given 
by Pier and accepted by Bjerrum agrees with 
Swann’s value for air at 100° C., which the 
B.A. Committee considered correct to within 
1 per cent. Hitherto Holborn and Henning’s 
results between 800° and 1400° have been 
considered as probably too low. Callendar’s 
opinion is that their results, although consistent 
among themselves, may be subject to system¬ 
atic errors, making them, over the range 
0°-1400° C., as much as 10 per cent too low. 
This, however, was when Langen’s explosion 
results were the best available for the higher 
temperatures. The more reasonable view now 

1 Zeitschrift filr EleMrochemie, 1911. 

3 Tizard and Pye, Automobile Engineer, Feb., 
March, and April 1921, 


is to regard the constant pressure results aft 
being confirmed by the recent explosion rxpen- 
ments, and probably accurate to 2 per cent 
or 3 per cent up to 1200° 0. 

Above 1200°' C. the new figures lie very 
much below the old, both for carbon dioxide 
and water. Hopkinson considered that 
Langen’s results were probably too high on 
account of incomplete combustion and in¬ 
sufficient allowance for heal; loss. Part of. 
the difference is probably accounted for, at 
least in the case of C0 2 , by the occurrence of 
dissociation at tho high tern pernio res in 
Langen’s experiments. In the experiments 
on which Pier and Bjerrum base their volu¬ 
metric heat values, precautions wore taken 
to prevent dissociation by having an excess 
of one of the combining dements present. 
Bjerrum’s experiments were, in fact, designed 
with a view primarily to measuring the 
amount of dissociation of OO a and H a O at 
various temperatures and pressures by compar¬ 
ing the pressures, and hence temperatures, 
reached with an excess, first of: nitrogen, 
and then of one of the combining 
elements, present. 

§ (S) Bjeerum’s Tjusouktkjai. 
Calculations from Volumetrio 
Heat Figures. —Taking a formula 
given by Einstein, and modified by 
Nernst and Liudenmun, which ex¬ 
presses tho distribution of energy 
in a complex molecule according to 
the theory of quanta, Bjerrum has 
developed an expression for tho 
mean volumetric heat of a gas over any 
range of temperature. Using his own, Pier’s, 
and Holborn and Henning’s values for the 
mean volumetric heats, and evaluating tho 
constants in the formula by means of them, 
Bjerrum found that the formula can he made 
to give values for the mean volumetric, heat 
which follow closely the experimental values 
over the range 0°- 8000° 0. 

In the case of 0C) 2 some confirmation of tho 
volumetric heat values can lie obtained from 
optical considerations, The formula for volu¬ 
metric heat involves terms depending on tho 
free period of internal vibration of the mole¬ 
cule. Values of such free periods calculated 
from observed values of tins volumetric beat 
are found to show very fair agreement with 
the periodicities at which absorption bunds 
occur in the spectrum of OO a . - Conversely, 
if the actual wave-lengths for tho principal 
absorption bands are used in tho formula,, 
values of the volumetrio heal are obtained 
which only differ by 3 per cent or 4 per cent 
from observed values up to about IlOOO" 0. 

Water exhibits a highly complicated spec¬ 
trum.; in the ultra-red region, and Xlus lias not 
yet been sufficiently explored to make it 
possible to. compare the poriodioities of actual 


Mean Volumetric Heats between 100° C. and t° C. in 
Gram Calories per Gram Molecule. 





O 

o 

O 

up to 



o 

o 

1000°. 

1500°. 

2000°. 

2500°. 

3000°. 

Nitrogen 

5-17 

5-28 

5-50 

5-75 

6-00 

0-30 

Water-vapour . 

6-25 

G-94 

7-64 

8-42 

9-71 

11-20 

Carbon dioxide . 

8-25 

9-55 

10-07 

10-50 

10-87 

10-95 
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ption bands Avitb those calculated from 
aetric heat values. It is probable that 
omplex spectra so far observed are due 
i existence of double molecules, and more 
vations at high temperatures and low 
ires are needed before comparison can 
.ado with high - temperature volumetric 
rabies. Water seems to show, moreover, 
lid increase of volumetric heat above 
0 ., which is not at present understood, 
which it is impossible to express in a 
da developed entirely from quanta theory. 
> 2000° C. the mean volumetric heat can 
isely expressed by a formula of the same 
as that for C0 2 , but in order to make it 
r the observed values above this tempera- 
t was necessary to add to the formula an 
ical term involving the fourth power of 
mperature. 

i) Probable Accuracy oe Experi- 
iL Results. —Of the new explosion 
iments under review those by Pier 
undertaken primarily with a view to 
iring volumetric heats, those by Bjerrum 
asuring dissociation, Pier’s experiments 
all done with initial pressure one atroo- 
>; Bjerrum’s, on the other hand, in order 
mease the amount of dissociation, at 
lower pressures—about one-seventh of 
mosphere. The point is important in 
bring the amount of heat loss from the 
lion vessel. 

chief cause of uncertainty in all results 
plosion experiments lies in estimation 
i heat loss during the rise to maximum 
ro. Pier neglected this altogether, but 
.ately, owing to his method of experi- 
tig, this does not affect the value of 
suits. Bjerrum did a number of expori- 
with varying initial pressures, and, 

3 assumption that heat loss per cent .is 
sly proportional to pressure, has esti- 
tho heat loss in his own and, where 
ary, in Pier’s experiments, and has 
:1 corrections accordingly. The raagni 
and reliability of his corrections are 
with under each gas separately. 

’a method of measuring volumetric 
was to make lvis explosion experiments 
rative, taking as his standard of 
rison the monatomic gas argon. The 
etrio heat of argon, according to the 
s theory of gases, should be constant 
jual to 2-98 calories per gram molecule, 
first exploded hydrogen and oxygen 
xcess of hydrogen and then with excess 
;on, but keeping a small excess of 
;en to prevent any sensible dissociation. 
>ing experiments at different starting 
I'atures he was able to obtain figures 
3 m 'hi n volumetric! heat of both argon 
ater-vapour, and to show that argon, 
st up to 2000 ° O., shows no sensible 


departure from the theoretical value. These 
results depend on a knowledge of heat loss, 
which Pier assumed to be zero. Bjerrum has 
estimated the heat loss in these experiments 
at 1-8 per cent, and has recalculated Pier’s 
results for the other gases on this basis, and 
on the supposition that the volumetric heat of 
argon is constant and equal to the theoretical 
value. It is impossible, indeed, to conceive 
of a variation of volumetric heat in a mon¬ 
atomic gas, and this assumption seems justified 
on experimental as well as theoretical grounds. 

(i.) Nitrogen ,—Pier obtained the ratio be¬ 
tween the volumetric heats of nitrogen and 
argon by comparing the quantities of the 
two inert gases present with an explosive 
mixture of oxygen and hydrogen when the 
same temperatures were produced. In this 
case the results are therefore purely compara¬ 
tive, and, since heat loss may be taken as 
being the same under similar conditions of 
temperature and pressure, Pier’s neglect of it 
does not vitiate bis results except in so far as 
allowance must be made for differences of 
initial pressure.. The magnitude of the loss 
in those experiments, in which the pressure 
rise takes place in about one-hundredth of a 
second, was, according to Bjerrum, only 
about 2 per cent in any case . 1 So that 
Pier’s comparative results' for nitrogen should 
be‘accurate to the order of his experimental 
errors, which wore about 1 per dent. On 
tho whole it seems reasonable to expect the 
figures given by Bjerrum for nitrogen oro 
accurate to within ± 1 per cent up to 2000 ° 0 . 
and ± 2 per cent up to 3000° 0 . 

(ii.) Water-vapour. ■—The principal experi¬ 
ments on which the figures for wator-vapour 
are based are those of Pier, carried out with 
initial pressures approximately atmospheric, 
and for which Bjerrum estimates tho heat loss 
as 1*8 per cent. Those carry the values up 
to 2377° 0. Bjerrum has extended this 
range up to 3004° C. by experiments at low 
initial pressures (about one - seventh atmo¬ 
sphere), in. which he estimates the loss as 14 
per cent. This figure ho gives with much 
confidence, but it must be pointed out that a 
difference of 2 per cent in tho allowance for 
heat loss makes a difference of about 8-9 per 
cent in the volumetric heat values up to 
3000° 0. Indeed, in some further experiments 
with an excess of argon, also by Bjerrum, 
ho finds it necessary to fix the heat loss allow¬ 
ance as 12 per cent in order to bring them 
into lino with the rest of his results. This 
figure of 12 per cent, ho says, was a not im¬ 
probable one, but does not say why ; possibly 

1 This figure agrees exactly with that estimated 
by David (Proe, Ihy. Sue. A, xcvill. 808) for tho heat 
loss up to maximum temperature, when allowance 
is made for tho (inference in maximum temperature 
and explosion time according to the empirical 
formula given by him. 
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it was because the argon experiments were 
at slightly higher initial pressures. 

In estimating the probable accuracy of the 
figures for water-vapour, it seems, therefore, 
that we must allow that there may be an 
error of ±5 per cent up to 3000° 0., and 
possibly more. Up to 2000° C. the un¬ 
certainty is considerably less. It seems lure y 
that the possible error is not more than 

+ 2 per cent or 3 per cent. 

(iii.) Carbon Dioxide .—In dealing with OUa 
one has the advantage, as with nitrogen, of 
being able to make the experiments compara¬ 
tive as between two inert gases, as was done 
by Pier. On the other hand, the rate of 
combination where carbon is involved is very 
much lower than with oxygen and hydrogen. 
Pier found that the combustion of carbon 
monoxide was too slow to be any use except 
for mixtures giving a final temperature over 
2200° 0. He therefore used combustions of 
acetylene and oxygen, first with excess of 
nitrogen, then excess of 0 2 , and finally with 
COo and 0 2 . There is no doubt that Pier 
was getting very considerable loss of heat 
before the point of maximum pressure, as j.b 
clear from the very low value of the heat of j 
combustion of acetylene which he calculated 
from his experiments. 

It is curious that Pier never realised the importance 
of his heat losses, and was forced to suppose the 
formation of an endothermic compound of water 
and CO. to explain his heats of combustion of acety¬ 
lene. There is some evidence that aldehydes are 
formed during combustion in an engine cylinder, 
but it is very unlikely that the quantities are as 
great as Pier supposed. Bjerrum, however, lias 
accepted Pier’s figures, being comparative, as sub¬ 
stantially correct, and, as mentioned previously, they 
receive some confirmation from the spectrum of C0 2 . 

Bjerrum has extended the range of Pier s 
figures from 2110° C. to 2714° 0. by explosions 
of 00 and 0 2 , first with excess of CO and then 
of nitrogen. As before, his experiments 
were done first with a view to dissociation 
measurements, but in this case he used initial 
pressures of one-quarter and one atmosphere. 
Using his results at these two pressures,, he 
estimates his heat loss correction, and gives 
10-9 as the mean volumetric heat from room 
temperature to 2714° C. The combustion 
tim e was of the order of one-tenth second as 
against one-hundredth second for the oxygon 
and hydrogen experiments, and the correction 
on the mean specific heat due to heat loss is 
in consequence as much as 15 per cent of the 
value given, in spite of the pressures at which 
he was working being higher than in the case 
of his experiments on water-vapour. 

Pier has given the formula 1 
G„=6-8+3-3 x 10 -8 f- 0-95 x 10 -G f a +0-1 x 10 -0 f 3 
as representing his experimental results upon 


CO„ up to 2110° C. This formula gives 10-7.. 
for" the range up to 2714° 0., so that there 
is good agreement between Bjerrum s and 
Pier’s figures. 

An idea of the optical confirmation of ^tlio 
C0 2 figures may be given as follows : Tim 
internal or vibrational energy of a triatom m 
molecule will be shared between the three 
mutual vibrations of the three atoms, (1) with 
(2), (2) with (3), and (3) with (1). In tlio case 
of C0 2 , since the mutual attraction between a 
carbon and oxygen atom may be supposed 
greater than between the two oxygens, it 
is a reasonable assumption that, of tlio throe 
vibrations, there will be two of high frequency 
and one of lower. If the three wave-lengths 
\ 1; \o, and X 3 of the Nernst-Lindemann quanta 
function which occurs in the volumetric lmat 
formula are evaluated from observed values 
of the volumetric heat on the above assump¬ 
tion that X 2 =X 3 the values obtained by 
Bjerrum are X x = 8-1, X 2 =X 3 = 5-0. With these 
constants the formula gives values of the 
volumetric heat which follow the actual values 
closely over the range 0°-2000° 0., e.(f. : 


Temperature 

Banga. 


0-200 

0-2110 


'VolwiitfMo Hoftt, Cal. Bill, Mul. 


OIusi-vikI. 


748 
10 4-7 


Calculated. 


7 

104:3 


Now there are actual absorption hands in 
the spectrum of CO a at Xi=sI4-7, X a - 4-d, 
and X 3 = 2-7. If these values are put into 
the formula and the volumetric heats calcu¬ 
lated from purely optical data, the volumetric 
heats for the same ranges as above arc 7-07 
and 10-04. The optical data, therefore, give 
values within 3 per cent or 4 per'-,cent t« 
the observed ones, and on the whole it acorns 
probable that the latest values of the volu¬ 
metric heat given by Bjerrum up to 2700" 0. 
may be taken as correct to ±3 per cent or 
± 4 per cent. _ d, u. r. 

Gear - box Testing Machine (National 
Physioal Laboratory). See “ Dynamo¬ 
meters,” § (6) (iii.). 

Gibbs-Helmholtz Equation. See “ Thermo¬ 
dynamics,” § (64). 

Gibbs’ Thermodynamic Potentials, See 
“ Thermodynamics,” § (61). 

Glasses : 

Suitable for Thermometers, Approximate 
Percentage Composition of Various, tabu¬ 
lated. See “ Thermometry,” § (6), Tallin 
VI. 

Zero Depressions of Thermometers made 
of Different, tabulated at 25® 0., 50° 0.„ 
and 100° C. See ibid. § (7), Table VI. 
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Gold : 

Freezing-point of, determined by platinum 
resistance thermometer and tabulated. 
See “ Resistance Thermometers,” §(18). 
Solid and Liquid, Emissivity of, determined 
by optical pyrometer. See “ Pyrometry, 
Optical,” § (20). 

Governor for Steam Engine. See “ Steam 
Engines, Reciprocating,” § (2) (vi.). 

Gramme Molecule. The volume of a quan¬ 
tity of gas which has a mass equal to 
its molecular weight in grammes. It is 
constant for all gases, and at a pressure of 
one atmosphere and temperature 0° C. is 
equal to 22,412 c.c. 

Griffiths’ Determination of Mechanical 
Equivalent of Heat. See “ Mechanical 
Equivalent of Heat,” § (5) (i.). 

Griffiths, Experiments on Latent Heat 
of Evaporation of Water, at tempera¬ 
tures of 30° and 40° 0. See “ Latent Heat,” 
§ ( 2 ). 

Griffiths, Laboratory Form of Disappear¬ 
ing Filament Type of Optical Pyro¬ 
meter. See'“ Pyrometry, Optical,” § (3). 
Ground Storage of Rainfall. See 

“ Hydraulics,” § (8). 

Groups, Non-dimensional, the Real Vari¬ 
ables in Physical Problems. See “ Dyna¬ 
mical Similarity, The Principles of,” § (34). 
Guericke’s Pump. See “Air-pumps,” § (11). 
Gun-recoil Cylinder, Hydraulic. See 

“ Hydraulics,” § (60) (ii.). 

GYROSCOPE 

§ (1) Description of the Gyroscope. In¬ 
ertia and Balance. —The gyroscope consists 
usually of a massive wheel or disc mounted 
on bearings so as to be free to spin rapidly 
about its axis of symmetry. The gyroscope 
as commonly made is symmetrical about an 
equatorial plane, perpendicular to the axis of 
symmetry; but this equatorial symmetry is 
unessential. Any rigid homogeneous solid of 
revolution may form the spinning element; 
and, more generally still, the gyroscope may 
even be irregular in form provided that it is 
“ dynamically symmetrical ” about the axis of 
spin. The conditions necessary for dynamical 
symmetry are (i.) that the centre of mass O 
of the gyroscope shall lie on the axis of spin ; 
(ii.) that the axis of spin shall be a principal 
axis of inertia; (iii.) that the moments of 
inertia about all axes through O perpendicular 
to the spin-axis (say, all “ diameters ”) shall 
be equal. If any body were taken of irregular 
form with centroid O, and with unequal 
moments of inertia A, B, 0 about its mutually 
perpendicular principal axes through 0, and 
if it were mounted to spin about the 0 axis, 
it would differ from the normal gyroscope only 
in having A and B unequal instead of equal. 


In the practical making of gyroscopes the 
closely approximate symmetry of form is found 
inadequate to secure these conditions of dynam¬ 
ical symmetry, and a final process of “ balan¬ 
cing ” is requisite to make the gyroscope run 
smoothly at high speed. If, in violation of 
condition (i.), the centroid is not on the spin- 
axis, but at a short distance from it, the 
gyroscopo is said to be defective in “ static 
balance.” With this defect, if the gyroscopo 
is without spin the equilibrium under gravity 
fails to' be neutral (except when the axis is 
vertical) ; and when the gyroscope spins about 
the fixed axis a revolving centrifugal force is 
thrown on the bearings. A true circular disc, 
mounted eccentrically on a spin-axis normal 
to its plane, illustrates the state of bad static 
balance. 

If, in violation of condition (ii.), the principal 
axis of inertia is not coincident with the spin- 
axis, but makes a small angle with it, the 
gyroscope is said to be defective in “ dynamic 
balance.” The defect cannot he detected 
statically; hut, when the gyroscope spins, a 
torque in a revolving axial plane is thrown on 
the bearings. A true circular disc mounted 
centrieally but obliquely on a spin-axis illus¬ 
trates the state of bad dynamic balance. 

The two defects are both remedied by the 
addition or removal of small masses of deter¬ 
minable amount and position; and when 
balanced to run quietly in this way the 
gyroscope is usually regarded as satisfying all 
the necessary conditions. But, in violation of 
condition (iii.), the moments of inertia about 
different diamotoi'B of the gyroscope may be 
slightly unequal. An elliptical disc mounted 
centrieally and normally on its spin-axis illus¬ 
trates this defect. The elimination of whirling 
stress may ho regarded as having for its direct 
consequence the annulment of the product of 
inertia for every pair of perpendicular planes 
of which one is axial and the other is normal 
to the spin-axis; and in consequence the 
elimination ensures that the conditions (i.) and 
(ii.) aro satisfied. But if the moments of 
inertia A and B are left unequal, condition 
(iii.) is violated and the gyroscope is defective. 
The defect cannot ho detected statically, nor 
by spinning the gyroscope about the fixed 
axis. It is only when the axis is itself in 
motion that the unoanonical form of the 
gyroscope is revealed. 

§ (2) The Mounting of the Gyroscope. 
Degrees of Freedom. —In gyroscopic mech¬ 
anisms each individual gyroscope may have 
any number of degrees of freedom, up to 
the limit of six degrees, and those degrees of 
freedom may arise in an unlimited variety of 
ways. Most commonly the centroid of the 
gyroscope remains a fixed point, and only the 
three angular degrees of freedom about the 
centroid aro left for consideration; and, as 
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the spinning movement accounts for one free¬ 
dom, there remain only the two degrees of 
freedom associated with the direction of the 
gyro-axis z. These two degrees of freedom 
usually occur as the relative movements of 
three consecutive members of a chain of 
pieces. The gyroscope or rotor R {Fig. 1) 
is free to spin 
about its axis z ; 
and this axis is 
1 coincident with 
the line of bear¬ 
ings of a ring or 
frame or casing 

Q, which sup¬ 
ports the rotor 

R. The spin¬ 
ning freedom is 
thus a rotation 

about the line z. The casing Q is mounted on, 
a frame or ring P, so as to be free to turn 
about a line y, intersecting z at 0. The rota¬ 
tion of Q relatively to P about y provides the 
second degree of freedom of R. Finally the 
ring'P is mounted on a fixed base-piece B so 
as to be free to turn about an axis x, inter¬ 
secting y at 0. The 
rotation of P relatively 
|M to B about x provides the 
third degree of freedom 
of R. In the commonest 
form of apparatus of this 
sort the axes x and y of 
the ring P are made per¬ 
pendicular, and the axes 
y and z of the casing Q • 
are also made perpen¬ 
dicular, and the fixed axis 
x is perpendicular to the 
Fig. 1a.— Wheatstone horizontal base of B and 

Perspective. consequently a vertical 

line. The apparatus 
usually described as the “ Wheatstone gyro¬ 
scope ” is of this type {Fig. 1a). 

A gyroscope mounted in this way, with 
complete angular freedom, is sometimes spoken 
of as a “ free ” gyroscope. If the hinge-line 
x is locked the gyroscope has only two degrees 
of freedom, and is then often described as 
“ constrained.” The gyro-axis z is then re¬ 
stricted to move in a circular cone with y as 
axis and yz as angle. Very specially (and 
commonly) yz is a right angle, and s is thus 
restricted to move in a fixed plane normal to 
y. (In the Wheatstone gyroscope the gyro- 
axis then turns round a fixed horizontal axis.) 

If the hinge y is locked and x is left free then, 
similarly, the gyroscope has only two degrees 
of freedom, and z is restricted to describe a 
circular cone about x (or a plane normal 
to x). 

More generally the gyro-axis z might in any 
way be left free, by mechanical constraints 



applied to tlio mining Q„ to move only along 
a definite route (generating a cone nl arbitrary 
form), and the gyroscope would again have 
two degrees of freedom. 

It i s "to be observed that the reduction from 
three degrees of freedom, to two degieos may 
occur without the suppression of the freedom 
of rotation about a; or y. The complete angular 
freedom of the gyroscope arises from the fact 
that any angular rotation about 0 may in 
general be dorivecl as the resultant of suitable 
components about a;, y, and z. I bis Jails to bo 
true, however, when, x, y, and z happen to be 
coplanar; and this occurs for each ol two 
positions, who 11 the relative rotation ol 1 and 
Q brings the planes xy and yz into coincidence. 
For angular velocities about coplanar lines 
have as their resultant an angular velocity 
about a line lying necessarily in the same 
plane. For the VVheatstone mounting ( 

1a), x and z themselves coincide in these two 
positions (when the gyro-axis is vertical), and 
the loss of freedom is often attributed to the 
identity of the two rotations about the co¬ 
incident lines ; But the identity» though suffi¬ 
cient to account for the loss, is not essential. 
(The proposal to avoid the danger of this loss 
of freedom, when three degrees of freedom are 
to he preserved, by adding an extra member N 
to the chain of pieces PQR introduces a fresh 
objection; for the links 1ST, 1\ Q of the chain 
BNPQR then have an indeterminate position 
for any one direction of s, and would move 
about at random.) 

The case of a gyroscope with only one degree 
of freedom, as for x and y both locked, leaving 
the spinning movement about z as the sole 
freedom, should be mentioned as the ultimate 
and simplest form of 
freedom ; but it lias 
no gyroscopic im¬ 
portance. 

If abstraction bo 
made of the direc¬ 
tions of the three 
axes x, y, and z of 
the gyroscopic ap¬ 
paratus, without re¬ 
gard to position in 
space or any other 
detail, a unit sphere 
centred at 0 and cutting the lines in, y, z at 
points X,Y, Z gives a o<mipletolyroprosontativo 
figure on. the spherical surface { Fig. 2). The 
fixed point X ro presents the fixed axis of the 
base-piece B; the great-circle arc XY represents 
the ring P; Y represents the axis y connecting 
the ring P and tho casing Q ; YZ represents the 
casing Q; and Z represents tlie-gyro-axis. To 
complete the figure, any arbitrary lino to of the 
base B gives a fixed point W, and W,X repre¬ 
sents the base B ; and if any lino v of the 
rotor R gives the point V, the are ZV represents 










GYROSCOPE 


423 


the rotor E. With this open quadrilateral 
WXYZV, with WX fixed and all the sides of 
constant length, the complete angular freedom 
of VZ is given by the rotation of XY about 
X, of YZ relatively to XY about Y, and of 
ZV relatively to YZ about Z. And it is when 
tho angle at Y is zero or two right angles that 
the triangle XYZ degenerates into a great- 
circle arc, and one degree of freedom is lost; 
Z having then no movement possible except 
in the direction perpendicular to XYZ. 

§ (3) Gyroscopic Experiments. —As pre¬ 
liminary to a formal account of the kine¬ 
matics and dynamics of the gyroscope, it may 
be convenient to state briefly the results 
of a, number of simple experiments with the 
Wheatstone gyroscope. When checked by the 
principles developed later there will appear 
the reasons underlying these various move¬ 
ments ; and there will arise also certain 
qualifications necessary to some of the state¬ 
ments that seem empirically correct. Famili¬ 
arity with such experimental results is to some 
extent serviceable, in lack of more complete 
information, as a rough working knowledge of 
practical gyrosoopios. 

The experiments with the rapidly spinning 
gyroscope may be briefly described as follows, 
the degrees of freedom being as stated in each 
separate case: 

(i.) Axis x locked, y free ; any forces applied 
to Q. The gyroscope offers no resistance to 
the turning of Q about y. 

(ii.) Axis x free, y locked ; any forces applied 
to P or Q. The gyroscope oilers no resistance 
to the turning of P and Q about x. 

(iii.) Axes x and y both free ; B moved 
about in any manner. Then z retains its 
original and arbitrary direction unchanged. 
But if, during the movement of B, x comes 
to coincide with z (or passes very near z) a 
violent “ kick ” occurs and z abruptly changes 
direction. 

(iv.) Axes x and y both free ; z horizontal; 
a weight hung on one end of z and released. 
Then z remains horizontal, and P and Q rotate 
uniformly about a; at a rate proportional directly 
to tho weight and inversely as the spin of the 
gyroscope. If tho movement of P is “ hurried ” 
by a torque applied to P about * tho weight 
rises, and if P is hindered the weight descends. 

(v.) Axes x and y both free ; z pointing in 
any direction ; a smooth straight-edge is laid 
perpendicular to z and pressed against tho 
spindle of E. Tho spindle does not yiold to 
the pressure but moves along the straight-edge 
in the same sense as if it were rolling along the 
straight-edge by reason of the spin. 

(vi.) Axes x and y free, z horizontal; forces 
are applied to P as if to turn P about x. The 
turning about x is resisted and tilting of Q 
about y occurs. When z reaches the vertical 
the resistance, after diminishing, disappears 


and P is freely rotatable in the sense of the 
spin. If tho direction of rotation of P is then 
reversed a sudden “ jolt ” occurs, Q begins to 
capsize, the rotation of P is resisted, and z 
presently again becomes vertical. The rota¬ 
tion'of P is then again unresisted in the sense 
of the spin. 

§ (4) Kinematics oe the Gyroscope.— If 
the gyroscope executes any kind of movement, 
a description of that movement at any moment 
may consist in a statement of the component 
angular velocity il about the axis z, usually 
called the “ spin,” and the instantaneous rate 
of movement « of the axis z. The latter has 
now come (by an enlargement of the original 
use of the term) to be called tho “ precession.” 
Tho plane in which the axis z moves is the 
instantaneous plane of precession, and the 
diameter u of the gyroscope drawn normal to 
this plane is the instantaneous axis of preces¬ 
sion. In tho representative spherical diagram 
(Fig. 3) the resultant angular movement of tho 
gyroscope is represented by the spin 0 about 
Z, together with a 
velocity w of Z along 
(Z) the spherical 
curve which is tho 
path of Z. If tho 
quadrantal triangle 
ZTU is completed, 
then ZT, the tan¬ 
gent to the curve 
(Z), represents tho 
plane of precession, 

TU the central 
plane of the gyroscope, and U the axis of proces¬ 
sion. The resultant movement of tho gyroscope 
is compounded of angular velocities Q about Z 
and w about U. The triangle itself has ZU 
as normal at Z to tho curve (Z), and ZU touches 
at K. the curve which is the envelope of ZU 
and tho ovoluto of (Z). The point K is also 
tho centre of tho small circle that osculates 
the curve (Z) at Z ; and ZK (=/;, say) is the 
angular radius of curvature of (Z) at Z. The 
movement of the triangle ZTU as a rigid figure 
is given by tho rolling of ZU on the evolute 
curve, and consists instantaneously of an 
angular velocity n about K. The components 
of n about Z and U are n cos p and n sin p 
respectively, giving velocities n cos p of U 
along TU and n sin p of Z along ZT. The latter, 
velocity is by hypothesis w, and therefore 
w — n sin. p. Hence % = u/sin p ; and the com¬ 
ponent angular velocities of the triangle ZTU 
are w eot p about Z and w about U. The 
gyroscope and tho triangle have movements 
identical in respect of the components about 
U and differing only in tho components 
about Z. 

§ (5) Dynamics oe the Gyroscope, —The 
angular momentum of the gyroscope is the 
resultant of the separate angular momenta 
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associated with the two component angular 
velocities, and is therefore compounded of Cf2 
about the axis z and Aw about the diameter u. 
The rates of change of these two vectors give 
rise to two separate torcpies or couples which, 
as kinetic reactions, are together equivalent 
to whatever system of applied forces may be 
acting on the gyroscope. They may be calcu¬ 
lated separately. 

The vector rate of change of any space- 
vector r having angular velocity w is given by 
the linear velocity of its extremity, and is 
compounded of f radially and rw normal to 
the vector in the plane of its movement. The 
angular momentum 012 about OZ, correspond¬ 
ing to the vector r, thus gives rise to a torque 
Cl2 about OZ and a torque Ci2w about OT. 
The angular momentum Aw about OU gives 
rise to a torque Aw about OU and a torque 
- Aw 2 cot p about OT, since w cot p is the 
angular velocity of the triangle about Z. 

As the torque about OZ is _C12 it follows 
that the angular acceleration 12 of the spin 0 
is the same as would be produced by the same 
torque about z if the axis z were stationary. 
When, however, the gyroscope is supposed to 
be already set spinning on frictionless bearings, 
or (in practice) to be supplied with an electrical 
driving torque counterbalancing the resistances, 
the applied torque ^about the axis z is then 
zero, and hence 00 is zero and 0 remains 
constant independently of any movement im¬ 
posed on the axis z. (This property of a 
gyroscope is not true if condition (iii.) of § (1) 
is violated. Unequal values of A and B give 
rise to fluctuations in the spin 0.) 

It is convenient to represent the torques by 
equivalent forces, acting at Z perpendicular to 
OZ, and producing the same moments as those 
of the torques. These forces are: 

Aw along the great-circle tangent ZT at Z, 
Aw 2 cot p along the inward normal ZK at Z. 
Gi2w along the normal at Z. (Fig. 4.) 

The last force Cf2w has direction and sense 
which, if rotated through one right angle 
about Z in the sense 
U of the spin 12, gives 

/n. the direction and 

/ \ sense of the velocity 

/« \ w along ZT. 

/ \ Of thesethreeforces 

■ \ (or the torques they 

iAw 2 cot p \ represent) it may be 

2 noticed that the first 
' two are independent 
I of the spin and of the 

' COw moment of inertia 

Fig. 4. 0, and depend only 

on A and on the 
novement of the axis z. They would con¬ 
stitute the whole torque if either 0 or 12 were 
sero. A thin rod along OZ credited with the 


same moment of inertia A would give rise 
to these same forces ; or a single particle of 
mass A at Z would alone suffice. And the 
expressions w and w 2 cot p are the components 
of the acceleration of Z along the tangent ZT 
and the normal ZK; for w is the rate of 
change of the velocity w of Z, and w 2 cot p 
is the product of the velocity w and w cot p 
the rate of turning of the tangent ZT about Z. 
The mass A at Z would thus give the same 
two forces. 

§ (6) The Gyroscopic Torque. Rules por 
the Precession. —The torque 0<2w is known 
as the “ gyroscopic torque.” It has OT for 
its axis and UZ for its plane. In many 
practical uses of the gyroscope the value of 
12 is so large that this torque dominates the 
rest, and may be. taken by itself as sufficiently 
representative of the whole kinetic reaction. 
The simple rule then is that the plane of the 
applied torque and the plane of precession are 
perpendicular planes through the axis of the 
gyroscope ; and that the torque has a moment 
equal to the product of tho angular momentum 
C12 of the gyroscope and the rate of precession 
w. A variety of rules have been proposed as 
indications of the sense of precession. 

(a) The most common statement takes some 
such form as this : The precession is such 
that, after a precessional movement continued 
through one right angle, the axis of the gyro¬ 
scope would coincide with the axis of tho 
torque, and the sense of the spin would agree 
with that of the torque. But in practice there 
is a certain awkwardness and inconvenience 
in the need to consider a merely hypothetical 
position of the gyroscope. 

(/3) A briefer equivalent is to mark the sides 
of the quadrantal triangle, such as ZTU, with 
arrows circulating round tho triangle and 
representing the senses of Precession, Spin, 
and Torque in that (alphabetical) ’order. 

(y) Rules more readily applied may be stated 
for forces, taken as equivalents of the gyroscopic 
torque. Thus, as above, if a force perpen¬ 
dicular to the axis of the gyroscope act at a 
point of the axis, tho corresponding force- 
vector, when swung through a right angle in 
the sense of the spin, points then in tho sense 
and direction in which the point moves as a 
consequence of the precession. More realistic¬ 
ally the force may. be supposed actually 
applied to the thin smooth spindle of the 
gyroscope by lateral pressure of a straight¬ 
edge ; and the precession then makes the 
spindle slip along the straight-edge; and the 
sense of travel is as if the spindle were rolling 
on the straight-edge by reason of its spin. 

(5) A similar form of statement is true for 
a force parallel to the axis and supposed to 
act on the rim of the gyroscope; namely, if 
the force-vector normal to the wheel is carried 
round, as if rigidly connected with the wheel, 
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through, one right-angle in the sense of the 
spin, it then indicates the precessional move¬ 
ment of the rim. 

§ (7) Kinetic Reaction, Angular Momen¬ 
tum, and Energy. —In regard to the torques 
of § (5) it should be remarked that Aw and 
Aw 2 cot p depend on the (surface component 
of the) acceleration of Z ; and that if that 
acceleration be itself expressed in terms of 
any convenient set of components, it is only 
necessary to multiply each of those separate 
components by A in order to obtain the re¬ 
quired torques. And similarly CPw depends 
on the velocity of Z ; and if that velocity 
presents itself as composed of any set of 
components it is only necessary to multiply 
each component by CP, and turn it round 
through one right - angle backwards (i.e. 
against P) about Z, in order to obtain the 
corresponding contribution to the gyroscopic 
torque. 

Of angular momentum it should bo borne 
in mind that, unlike linear momentum, it has 
only magnitude and direction and is not a 
located vector. The sum of the momenta of 
the elements of a gyroscope (with its centre 
at rest) about any line parallel to the axis is 
the same as about the axis itself. The gyro¬ 
scope might be replaced by another equal 
gyroscope with a parallel axis, inside the same 
casing, and the gyroscopic torque would not 
be affected by the change. Further, if the 
same casing contained several gyroscopes, each 
spinning on an axis fixed relatively to the 
casing, the gyroscopic torque for any move¬ 
ment of the casing would be only the same 
as for a single contained gyroscope, with 
an angular momentum equal to the vector 
sum of those contributed by the several 
gyroscopes. t 

The principle of energy demands that the 
applied forces should do work on the gyroscope 
equal to the increase of its kinetic energy. 
The forces CPw and Aw 2 cot p at Z acting 
normally to the velocity of Z along ZT, do no 
work, and the force Aw does work at the rate 
Aww. If the spin varies, the torque CP 
causing the variation does work at the 
rate GPP, and the sum Aww+CPP is thus 
the time-differential of the kinetic energy 
£(Aw 2 -|-OP 2 ). 

§ (8) Simple Cases op Motion op a Gyro¬ 
scope. —The three torques found in § (6), 
which usually act in combination, may occur 
separately for special movements of the 
gyroscope. 

(i.) The torque Aw occurs alone if 0 = 0 
and p — tt/2 —i.e. if the gyroscope has no spin 
and its axis is rotating in a plane. The torque 
Aw also occurs alone, initially, if w is momen¬ 
tarily zero, with any value for P. Hence 
under the action of a torque the gyro-axis 
moves initially in the plane of the torque itself. 


[The direction of motion begins to turn, how¬ 
ever, at a rate (C/A)0.] 

(ii.) The torque Aw 2 cot p occurs alone if 
P = 0 and w is constant— i.e. if the gyroscope 
has no spin and its axis describes a cone of 
any form at a uniform rate. The torque 
measures the normal pressure on the guiding 
curve or cone. If p also is constant the 
cone or curve is circular and the torque is 
constant. 

(iii.) The gyroscopic torque CPw occurs alone 
if p=x/2 and w is constant— i.e. if the axis of 
the gyroscope rotates uniformly in a plane. 
It may be noticed in this case how, in detail, 
after a turn of the axis through an angle 2a 
the time-integral of the torque-vector accounts 
for the change of momentum. The torque- 
vector CPw moves round one right-angle in 
advance of the axis. The mean of the vectors 
ranging over the angle 2a is OPw (sina/a) 
along the angle-bisector, and the time is 2a/w ; 
hence the time-integral of the torque gives a 
momentum 2CP sin a one right-angle beyond 
the angle - bisector of the gyro - axes. The 
change of momentum is OP x 2 sin a and it 
has the same direction. In particular when 
2a = 7 r, with reversal of the axis, the change 
of momentum is 20P. 

(iv.) If w and p are both constant, Z in 
Fig. 3 describes a circle with centre K, and 
the triangle ZTU rotates uniformly about K 
as a fixed point. The axis of the gyroscope 
describes a circular cone of angle p. The 
torque outwards from the axis of the cone 
is CPw-Aw 2 cot p. For the customary rapid 
spin this is positive in sign ; but if w were 
rapid also the torque, specially, is zero for 
the case 00=Aw cot p. This conical steady 
motion is then a free movement of the gyro¬ 
scope. If, say, the stationary easing contain¬ 
ing the spinning gyroscope is struck a heavy 
blow, giving an impulsive torque Aw about a 
diameter of the gyroscope, the impulse creates 
suddenly an angular momentum Aw and there 
ensues a conical motion of the axis z with 
tan -1 (Aw/00) for the angle of the cone. This 
motion, being rapid, gives a blurred effect, 
visually, and is generally spoken of as a 
“ wobble ” ; but it is nevertheless technically 
a “ steady motion.” 

The constant torque CPw-Aw 2 cot p neces¬ 
sary in general for thp conical steady motion 
of the gyroscope is linear in 0 but quadratic 
in w. Hence, for an assigned value of the 
torque giving movement on the cono of angle 
p, there is a unique value of the spin for any 
assigned rate of precession; but two rates of 
precession for any assigned spin are given by 
the x'oots of a quadratic equation, and may 
be real or eoineident or imaginary. The 
steady motions of a top (which may he re¬ 
garded as a frameless gyroscope) illustrate these 
results. 
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(v.) If the gyro-axis is guided by any smooth 
constraints, adequate to take any lateral press¬ 
ures, the torques 0 ilto and Aw 2 cot p are 
supplied by the constraints, and the agent 
controlling the processional movement of the 
axis has only to supply the torque Aw. The 
gyroscopic torque falls on the rigid constraints, 
and the agent experiences no “ gyroscopic 
resistance ” whatever. 

§ (9) Gyroscope with Two Degrees op 
Freedom on a rotating Base. —Instead of 
prescribing directly a movement of Z (Fig. 2) 
the movement prescribed may be that of Y, 
leaving the movement of Z to ensue as a 
dynamical consequence. In a simple case 
YZ may be taken to be a quadrant, and XY 
also a quadrant, and Y may be made to move 
uniformly along its path, the great circle with 
centre X, at the constant angular rate n. 
The point Z is thus constrained to lie on a 
meridian, say, of the sphere ; the meridian 
being XZ and rotating at rate n about the 
pole X. If 9 is the polar distance XZ (equal 
to the angle XYZ) the velocity of Z has 
components 6 along the meridian and n sin 9 
along ZY perpendicular to the meridian. 
The corresponding components of the gyro¬ 
scopic torque give forces at Z equal to 
C Q,n sin 0 along the meridian and C iW per¬ 
pendicular to it. (It is supposed that il and 
n would agree in sense if the angle 0 were 
reduced to zero.) The acceleration of Z as 
determined from its component velocities and 
the local rate of rotation n cos 9 of ZX at Z (or 
otherwise) has components 



~(0) — (n sin 9)(n cos 0) 1 



J i[n sin 0) + (0) (n cos 0), 1 

(1) 

and 


i.e. 

6 — n 2 sin 0 cos 0 along the meridian 

(2) 

and 

2nd cos 0 perpendicular to it. 

(3) 

The 

corresponding forces are obtained 

by 


multiplying by the moment of inertia A (§ (5)) 
and are therefore 

A (6 — » a sin 0 cos 0) along the meridian (4) 
and 2A:nd cos 9 perpendicular to it. . (5) 

Hence the equation of motion in 9 is 

A (9 - n z sin 0 cos 9) + Cflw sin 9 = 0, (6) 

with the integral 

A0 2 + A??, 2 cos 2 0 — 2C tin cos 9 = constant. (7) 

This integral expresses the kinetic energy as 
a quadratic function of cos 9. This case may 
be compared with simple pendulum motion, 
with no movement in azimuth, for which the 
kinetic energy is a linear function of cos 9 ; 
and also with conical pendulum motion, with 
free and variable movement in azimuth, for 


which the kinetic energy is a cubic function 
of cos 9. The present case is in a sense inter¬ 
mediate. For a pendulum of period 2 ir/p, with 
0 = 0 as the downward vertical, and with the 
vertical plane of swing made to rotate uni¬ 
formly at the rate n, the equation of motion is 
6 - n" sin 9 cos 9 -I- j>" sin 9 = 0. . (g) 

The position 9 = 0 is a stable position if p > %. 
If p < n the position 0 = 0 is unstable, and an 
inclined position of equilibrium exists given 
by cos 0=p 2 /a. 2 , and is stable. The position 
9 = 7r is one of equilibrium but is unstable for 
all values of pjn. (Another simple instance 
of the same movement occurs in the case of a 
magnetic needle oscillating in a horizontal 
plane in the earth’s field, with a soft-iron rod 
horizontal and perpendicular to the needle 
and rigidly connected with it.) 

The equations (6) and (8) are identical if 
(C/A )Q,n=p 2 , and hence the position 0 = 0 is 
stable if Oil>An. It is unstable if Oil<An; 
and a position of equilibrium is then given 
by cos 0 = (Cf2/An). The position 9 = v is 
an equilibrium position but unstable for all 
values of fi/n. Hence (Fig. 2) when Z is at 
X the spin agrees in sense with that of the 
rotation of XY about X, and the position is 
stable provided n<(C/A)0. When Z is at 
the antipodes of X the senses arc opposite, 
and the position is always unstable. For the 
first case the spin is customarily so large that 
the inequality is amply satisfied, and the 
experimental results are apt to prompt an 
unqualified statement of stability. The in¬ 
equality, however, is an essential condition. 

The lateral pressure L of the meridian on 
the gyro-axis is given by 

L= (2A«. cos 9 -012)0. . . (9) 

The force L has a moment L sin 0 about OX, 
which has to be supplied by the agent 
responsible for maintaining the rotation n. 
He provides therefore a variable torque L sin 0, 
which is identically equal to 

(l 

^(A n sin 2 9 -I- CD cos 0), . (10) 

the rate of increase of the angular momentum 
about OX. Further, the agent supplies energy 
at the rate 

I ^[A(0 2 + a 2 sin 2 0) + CO 2 ] ; . (11) 

and this reduces as it should to ?iLsin0 in 
virtue of ((5) and (7). 

If the gyroscope is originally in the unstable 
position 0 = 7r its axis will pass the position 
0 = 7 t/2 with an angular velocity in 0 given by 

-0=[» a + 2(C/A)iW|t . . (12) 

and the torque of resistance to the rotation 
of the meridian at this moment is equal to 

Cn[n®+2(C/A)fl»]*. . . (13) 
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For a rapid spin 12 this torque may be 
considerable even for a value of n too 
small to show a visible movement of the 
meridian. 

The special conditions XY = 7r/2 and YZ=w/2 
involved in the above movement may be 
removed without alteration of the form of 
equation (6). The mutual inclination of the 
lines x and y, y and z may be arbitrary; so 
that the point Y describes a small circle 
uniformly about X, and Z keeps at a constant 
distance from Y. The variable angle XYZ 
still obeys a rotated-pendulum equation, and 
may take equilibrium values determined as 
before. For a rapid spin the stable position 
of Z is that which gives the smallest value 
to XZ. 

More generally still, if Z is constrained to 
lie on any rigid curve that is rotated uniformly 
at a constant rate n about a fixed point X, it 
is at once apparent that the only positions of 
equilibrium are those for which the force 
along ZX is either normal to the curve at Z 
or else is zero. Hence positions of equilibrium 
occur at the foot of any normal drawn from 
X to the curve (Z), The exceptional case 
of a zero force (giving free movement of 
the gyroscope, with the guide out of effective 
action) occurs if cos XZ = (Cf2/A n ); giving all 
points in which a circle centre X and radius 
XZ cuts the curve; or more exceptionally if 
XZ = 0or 7 r, which can occur only when the 
curve passes through X or its antipodes, as in 
the case first above treated. 

It may further and more particularly he 
shown that the normals give stable positions 
for a minimum value of XZ when Gil > An, 
so that the circle is unreal ; and that when 
C!2< Aw, so that the circle is real, the stable 
positions are given by the minimum values of 
XZ for points Z outside the circle, and by 
maximum values of XZ for points Z inside 
the circle. The other equilibrium positions, 
reversely, are unstable. For the common 
cases that arise in present practice n is small 
compared with S2, the circle is imaginary, 
and the minimum values of XZ correspond 
to the positions of stable equilibrium. 

§ (10) General Considerations on Gyro¬ 
scopic; M'EOHANICS. — In considering the ra¬ 
tionale of gyroscopic movements the student 
will ho well advised to adhere very strictly to 
the precise correlation of oause and effect. 
Even when the spin is latge and the gyro¬ 
scopic torque is dominant the assignment 
of 'applied torque and consequent precession 
as proportional correlatives should he fol¬ 
lowed in definite detail. In abbreviated 
verbal reasonings the common use of the 
word “ tendency ” is fruitful of much mis¬ 
understanding. The “ tendency ” is usually 
a movement which is regarded as prevented 
by a constraint; and as the removal of 


the constraint would generally he followed 
by an altogether different movement the latent 
confusion is extreme. 

Of certain well-established statements which 
must be quoted only with caution and under¬ 
standing a few may be cited. 

“ A free gyro tends to keep the axis about 
which it spins, unaltered in direction.” The 
fixity of direction, in space, of the gyro-axis 
is not peculiar to the spinning gyroscope, but 
belongs equally to the non-spinning gyroscope. 
Indeed any line in any freely balanced body, 
originally free from rotation, would behave 
in the same way. The practical effect of the 
high spin is that the large store of angular 
momentum demands a much larger value for 
the time-integral of any disturbing torque to 
produce an assigned amount of angular dis¬ 
placement ; so that the casual disturbing 
forces, if identical in the two cases, will 
produce much less angular displacement in 
the axis of the gyroscope that is rapidly 
spinning. 

“ A rapidly spinning gyroscope offers great 
resistance to any attempt to alter the direction 
of its axis.” It has been seen, § ( 8 ) (v.)* that 
if a constraint supplies the gyroscopic torque 
the agent controlling the movement finds no 
gyroscopic opposition at all. A gyroscope 
mounted on a door, so as to spin in the plane 
of the panel, leaves the door as easy to open 
or shut'as if the gyroscope were not spinning 
at all. It provides no “ resistance,” although 
its axis rotates with the door as the door 
swings. But a torsional stress (about a 
horizontal line of the door) is thrown on the 
hinges. If resistance is desired it can bo 
secured (cf. § (9)) by giving the gyroscope two 
degrees of freedom relatively to the piece 
moved by the agent. 

“ Hurry on the precession and the top will 
rise in opposition to gravity.” Tins is intended 
to apply to the slow procession of a top-heavy 
top leaning at an acute angle from the upward 
vertical (of. § ( 8 ) (iv.)). The spin and precession 
circulate in the same sense, and the more 
general statement of § ((>) ( 7 ) covers what is 
really intended. But as tho effect of the 
forward foroe applied is (for tho case of rapid 
spin) to produce an angular velocity of 
erection only, and no sensible increase of tho 
rate of precession at all, tho procession is, 
after all, not “ hurried.” Tho moaning seems 
to he that an attempt is to be made which 
would hurry the precession if the dynamics 
wore not gyroscopic. If it is desired actually 
to hurry the precession the foroe applied to 
the axis must he such as to increase the 
gravity torque. 

It may happen on occasion that the effect 
of “ hurrying the precession ” is to make it 
slower, or even to reverse it. A simple example 
may be given. In the Wheatstone gyroscope 
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the casing Q may be fitted with a weight so 
that in the absence of spin the axis z is 
statically vertical for either of two positions— 
one stable and the other (top-heavy) unstable. 

If the plane yz is tilted slightly, and the gyro¬ 
scope spins, a steady motion of slow precession 
takes place. In the top-heavy case the effect 
of “ hurrying the precession ” will be to 
reduce the tilt, and so leave the rate of 
precession reduced in the same ratio ; and 
if the precession is so much “ hurried as 
to annul and reverse the small tilt, then the 
ensuing precession is reversed in sense. . Con¬ 
versely, in order to produce an actual quicken¬ 
ing of the precession it may be momentarily 
opposed. 

The high speed given to gyroscopes m 
practice, with the consequent dominance of 
the gyroscopic torque, produces an experi¬ 
mental simplicity of effect which may even 
obscure the fundamental dynamics. It would 
appear, ecc. qt., that on loading one end of the 
horizontal axis of the gyroscope of a Wheat¬ 
stone gyroscope the appropriate rate of pre¬ 
cession ensues automatically, and that the 
axis revolves uniformly in the horizontal 
plane. If that were so, then neither the extra 
kinetic energy due to the precession, nor the 
new angular momentum about the vertical 
x, can be accounted for; for the attached load 
is supposed not to have sunk, and its weight 
has provided no moment about the vertical. 
If this precise state of motion is to be actually 
obtained the proper precession must be given 
' initially to the piece P. Without this proviso 
the point Z (Fig. 2) describes in fact not a 
horizontal great circle but a series of small 
cycloids with their cusps on the circle, as if 
generated by a trace-point on a minute wheel 
rolling below the circle. The mean level of 
the point Z is below the circle by an amount 
that accounts for the kinetic energy of the 
mean rate of precession, and the mean tilt of 
the axis z gives a component of the spin- 
momentum about the vertical that is equal 
and opposite to the angular momentum of 
the mean precession. The same results in 
kind hold good if the axis z has a finite slope 
initially; and the case of a top abandoned 
with a rapid spin in an inclined position is 
another form of the same thing. The top 
appears to execute a steady motion with a 
precession that is not provided for it; but 
the actual motion of the axis includes a 
tremor that involves both a variable preces¬ 
sion and a “nutation” in respect of the 
inclination of the axis to the vertical. (The 
'decay of these rapid tremors, under dissipa¬ 
tive forces of friction, etc., is usually very 
rapid.) 

In practical mechanics the attempt is often 
made to deal with gyroscopic movements by 
sole reference to the gyroscopic torque, to 


the complete exclusion of the supplemental y 
torques that are independent of the spin. On 
occasion the method suffices ; but it may lead 
to meaningless or erroneous results, in the 
case, § (9), of the gyroscope with an axis free 
to revolve in a plane that is uniformly rotated, 
the gyroscopic torque presents a component 
in the plane itself which no reaction is available 
to supply. The equation of motion (0) loses 
all but its last term, and the problem is 
stultified. It may be further suggested that 
the dynamical possibilities involved in the 
use of gyroscopes with moderate spins may 
presently be developed. _ 

The familiar demand for an “ explanation 
of the gyroscopic torque of a processing gyro¬ 
scope will be found to survive repeat®! dis¬ 
cussions of the phenomenon so long as they 
are based on the principle of angular momen¬ 
tum ; and apparently the demand can only 
be met (if it need be) by the avoidance of this 
fundamental sophistication. If the simple case 
of the movement of § (S) (iii.) is considered, 
and if the axis-of the gyroscope is at the 
moment pointing east and processing to the 
north, and the spin is from zenith to north, 
then any small portion of the top of the disc 
is moving northward; but on account of the 
precession it is located, to the west ol the 
meridian both before and alter passing the 
summit, and so has a component acceleration 
to the west. The bottom of the wheel has 
similarly an acceleration to the cast, lienee 
the pair of equal forces necessary to account 
for these accelerations constitute a couple that 
agrees with the known gyroscopic torque in 
its plane and its sense (of. § (<i) ((>))■ If the 
mass of the wheel be regarded as replaced by 
four particles equal in mass and equally 
spaced round the rim, and two equal particles 
equally distant from the centre, and placed 
on the axis, so as jointly to preserve the samo 
mass and moments of inertia, the acceleration 
of each particle may be readily calculated and 
the forces found in detail. Briefly, if the rim- 
masses are each m, anti the radius a, then 
0=4ma 2 . The accelerations of the summit 
and bottom, to west and oast respectively, are 
2aftw (cf. § (9) (iii.)), and all the other accelera¬ 
tions are purely radial. Hence the parallel 
and opposite forces are t>f magnitude 2»utS2w, 
with an interval 2 a between them, and thus 
give a torque 4ma 2 Hw, which is equal to 
OOw. If the general movement of the gyro¬ 
scope is considered, in place of this very special 
steady motion, the additional torques, depen¬ 
dent on the diametral moment-of-inertia A, 
can be similarly evaluated. The use of the 
artifice of equivalent particles thus enables 
the ldnetio reaction of the gyroscope to be 
calculated by appeal to the information 
supplied by the dynamics of a particle. 

a. t. n. 
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Hardness and Abrasion Tests : General 
Considerations. See “ Elastic Constants, 
Determination of,” § (79). 

Hardness Tests. See “ Elastic Constants, 
Determination of.” 

Brinoll Test. § (80) (iii.). 

Depth Indicators. § (87). 

Indentation Method. § (80). 

The Ludwik Method. § (85). 

Measuring Microscopes. § (86). 

The I’ell in Apparatus. § (90). 

The Shore Scleroaeopo. § (92). 

The Tumor Soloromcter for Scratch Hard¬ 
ness Determinations. §(93) (i.). 

At Varying Temperatures. § (120). 

Harkkr, 1904, comparison of gas thermo¬ 
meter with secondary standards of tem¬ 
perature in range 500° to 1600°. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (xi.). 

Harmonic Motion. When the displacement 
of a point from its position of equilibrium 
is given by an expression of the form 
a sin (nt + e) the motion is said to be 
“ harmonic.” 

Harrison’s Theory or Lubrication. See 
“ Friction,” § (26). 

Head Resistance. See “ Ship Resistance 
and Propulsion,” § (15). 

HEAT, CONDUCTION OF 

§ (1) Introduction. —When one end of a metal 
bar is heated, a change of temperature can 
very soon bo detected along the bar, due to 
the passage of heat through the metal. This 
power of transmitting heat is possessed in 
varying degree by all material substances, 
and the phenomenon is known as the Conduc¬ 
tion of Heat. It is usual to distinguish it 
from two other agencies by means of which 
heat is propagated and which are dealt with 
in separate sections in this work—namely, 
Convection and Radiation. In the case of 
convection the lieat is transferred by the 
actual movement of the heated matter, 
gaseous or liquid, as distinguished from 
conduction, in which no transfer of the matter 
itself is apparent. In iiuids both conduc¬ 
tion and convection seem to be processes of 
diffusion. In the case of conduction the action 
is molecular, duo to the diffusion through the 
substance at rest of its molecules, carrying 
with them their kinetic energy; in that of 
convection it is molar, brought about by the 
movement of small portions of the substance 
as eddies, or in other ways, thus transferring 
from point to point the kinetic energy of the 
molecules which go to form the eddy. Both 


conduction and convection are comparatively 
slow in their effects. Radiation, on the other 
hand, is the transfer of energy by etherial 
vibration and does not depend on tbe presence 
of the matter. Its velocity of propagation, 
whether in the form of waves of light, heat, 
or those used in wireless telegraphy, is, of 
course, enormous. 

. While it is convenient to adopt this classifica¬ 
tion of the agencies of heat propagation, it 
should be realised that the phenomena are 
probably closely related. For example, from 
the point of view of the molecular theory, it 
can be supposed that each molecule, as it 
becomes heated, affects those around it by 
radiation or by imparting some of its increased 
vibration to them by direct contact. The 
phenomenon of conduction might thus be 
regarded as a process of intra-molecular 
radiation or convection. If the analysis is 
carried further by adopting the modern 
theory of electrons, capable of diffusing 
through metallic bodies and conductors of 
electricity, but capable only of vibration in 
dielectrics, the mechanism of heat conduction 
is reduced to diffusion in metallic bodies and 
radiation in dielectrics. It would be out of 
place here to enter on a full discussion of the 
mechanism of heat conduction. The theory 
will be referred to only so far as is necessary 
to enable us to deal with the practical subjects 
treated below. These will include a descrip¬ 
tion of some typical methods of measuring 
conductivity, together with a summary of the 
results obtained by various observers and also 
some applications of the theory to conditions 
of heat flow which are encountered in practice. 

§ (2) Definitions. — The first to give a 
precise definition of conducting power was 
Fourier, whose 
monumental 
work, Theorie 
analytique de 
la a haleur 
(1822), forms 
the basis of all 
mathematical 
treatment of 
the problems 
of heat flow. 

(i.) Conduc¬ 
tivity : Steady 
State .—A dear 
conception is, perhaps, best obtained by con¬ 
sidering a thin wall of material with parallel 
faces, one of which is maintained at a tempera¬ 
ture and the other at a temperature of 6 2 
(Fig. 1). When the steady flow of h eat has been 
established—that is to say, when the amount 
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of~heat~flowing into the wall through one 
face is equal to that flowing out from the 

other, none being absorbed cr aven upty 

Hip intervening material it can 

that the quantity of heat ^ 

Kr:Ve 0 f ac» Tl,e 
Series to—7 - «» 

wall, and directly as the area S and the time , 
so that we have the relation 
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Q=KSt^ ? or KSt~, 


where Q is the quantity of beat and K wa 
constant depending on the nature 
material of the wall and winch is called the 
“ Thermal Conductivity.” . 

It is sometimes convenient to oonsider the 
thermal conductivity as being the iatio t 
the rate of heat flow per unit area to the lali 
of temperature per unit thickness. The latter 

quantity (flj-fla)/® or ,, dd l dx 18 called th ® 

“ temperature gradient. 

Following from the f ormula above, the unit of 
conductivity is defined, on the G -G.S. system 
as the number of calories per second that 
would flow through every square centimetre 
of the surface of a wall of thickness 1 cm. 
and with a difference of 1° 0. between its 
faces. Another unit commonly used by 
engineers is the British Therma Unit * per 
hour, per square foot, per inch thickness per 
1° F. difference. To convert the C.G.S. unit 
into the other unit it is necessary to multiply 

by 2903. , , 

In the simple case, which has been, taken 
above, of a wall with parallel faces kept at 
uniform temperatures, the surfaces of equal 
temperature in the material, or isothermal 
surfaces,” will be parallel to the faces of the 
wall and the lines of heat flow will be straight 
lines perpendicular to the faces. If, however, 
the material is not in the shape of a plane wall, 
or if the conditions of heat supply are different 
from those assumed, the isothermal surfaces 
and the lines of flow may be curved and the 
problem of calculating the heat flow will 
generally become very complicated. JJor 
such cases it is convenient to rewrite the 
equation in the form 

Q =Kf(0 x - 0 2 ) x shape factor, , (2) 

g a nd 0 2 being, as before, the temperatures 
of isothermal surfaces and the “ shape factor 
being a constant depending on their shape 
and relative disposition. The shape factor 
has been calculated for a few simple cases, 
such as a sphere heated centrally and a long 
cylinder heated axially, and approximate 
formulae have been obtained for some other 

1 The British Thermal Unit (B.T.U.) is the quantity 
of heat required to raise the temperature of 1 lb. ox 
water by 1 ! 0 F. at its temperature of maximum 
density, 39° F. 


common forms. These are dealt with in 

Pa r• vnlmSity : Variable. Mate .-'The forum- 
, (“•) Xe *xr>l>lV only to the flow of heat 
lae given • temperature has been 

when the steady suiu. ui w *> i 
, KUoUr.fl throughout the body. Ji, mnvevi i, 

lowering the temperature ol tlm body ««, 

tot potat, » tlu* to l»t low mil ■ . 

nartlv on the thermal capacity. As a, mat.to 
!)f fact in the equations governing the. variable 
Iteto constant K(« 

.. r5+ ._ rU'vidcd by beat capacity pci unit 

called 'by Kelvin the >dh^" ; 

Clerk-Maxwell mimed it the 1 h ' " 1( dl ' 
Conductivity,” Him® it measures the change 
of temperature which would be pnnlvimMl m 
a unit volume of the substance ly the 
quantity of heat which flows m mut ; mm 
through unit area of a layer of unit i iwkniss 
having unit difference of temperature between 

1 Kelvin’s term, is the more commonly used, 
and occasion will bo found to >'ele.r to it 
further in dealing with problems arising out 
of the variable f lo w ol; heat. 


I Methods of mkahitiunu CoNnuoTiviTi 

In general the conductivity of a nmfeihd 
is obtained under conditions ol steady heat 
flow, and, as lias been indicated above, it 
can be determined by measuring the beat 
flowing through a body in a certain turns t ie 
temperature at two or more points, am. 1 •' 
dimensions of the body. The experiment., 
conditions suitable in particular eases depend 
mainly on the nature of the material to be 
tested. It is convenient therefore to consider 
separately the methods appUe-able to SolidM, 
Liquids, and (insert, and to subdivide Urn 
first mentioned under three mam headings, 
namoly, poor, medium, and good conductors. 
Crystalline or non-isotropic solids are ‘dm* 
dealt with separately. .. ......,, iL , 

§ (3) Solid8: Pooh Conduotouh (h 
to'O’OOOUO). Under tills head come the 
materials which are used for purposes of heat 
insulation: for example, in the walls of cold 
stores and the lagging of boilers. They include 
such materials cork, oluvnuml, luoHoIguhr* 
magnesia, slag-wool, asbestos-wool, and sii on. 
Before describing the methods of test., it is an 
well to get some idea of the structure of the* 
materials and the mode of heat transfer. 

The materials are not homogeneous solid* 
in the physical sense, but are loose aggregatiouH 
of matter with a largo number of included 
air-spaces. Their structure may be either 
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fibrous or, as in the case of cork, cellular, 
but more often the materials in question are 
artificial aggregates of small particles or 
fibres. The ' transmission of heat through 
such materials does not take place solely 
by conduction in the solid particles. The 
mass of these in a certain volume of the 
material is relatively small, and their fine state 
of division gives rise to a high thermal resist¬ 
ance due to the number of point contacts 
through which the heat has to pass. 

In addition to conduction in the solid 
material there is the transfer of heat by 
radiation and convection across the air-spaces. 
That the former is small can be seen by 
considering an air-space bounded by parallel 
walls at absolute temperatures of 6 1 and 0 2 . 
The heat loss by radiation across such a space 
is independent of its thickness, and is propor¬ 
tional to or where the difference is 

small to 0 1 -0 2 . If now a thin partition of 
conducting material parallel to the walls is 
interposed between them, it will take up a 
temperature intermediate between that of 
the .walls (say, the mean temperature), and the 
radiation from the hot surface to the partition 
will be approximately one half of that previ¬ 
ously passing between the hot and cold 
surfaces, and similarly, of course, the radiation 
from the partition to the cold surface. The 
effect of the partition is thus to reduce the 
heat transfer by radiation to about one half. 
Two partitions will reduce the radiation to 
about one-third, and so on. 

If, for example, we take an air-space 3 inches 
thick, the temperature of one face being 10° 0. 
and of the other 25° C., the. heat loss by 
radiation for surfaces which are “ full 
radiators ” would he about twenty times the 
heat loss that would take place through the 
air by conduction only — that is assuming 
all movement of the air could bo prevented 
so that no transfer took place by convection. 
Nineteen partitions would thus reduce the 
radiation loss to about the same amount as 
that due to pure conduction through the air. 
The equivalent subdivision of insulating 
materials is far greater than this. 

A somewhat similar argument can ho applied 
as regards convection, though the laws are 
not so well defined as those of radiation. 
For the case taken above of an air-gap of 
3 inches with a temperature difference of 
15° 0., and supposing the walls vertical, the 
convection loss would be of the order of 
seven times the loss whioh would bo due to 
conduction only. By subdividing the space 
the convection loss may he reduced, and if the 
air-gaps are made small enough to render air 
currents impossible the heat will be transferred 
solely by conduction. 

Thus we see that the best insulating material 
is one .which most nearly approaches in 


conductivity to air. By subdividing space by 
small particles of matter we can reduce the 
heat loss due to convection and radiation 
until it is not appreciably different from that 
of pure conduction through the air, but the 
introduction of solid matter inevitably in¬ 
creases the total of the conduction losses 
since all solids conduct better than air. Hence 
it follows that there is a limit of efficiency to 
be reached by introducing solid material. 
This is clearly shown in the results givon 
by Petavel for the heat loss through slag-wool 
insulation of different densities (Fig. 2). It 
will be seen that the minimum value was 
obtained for slag-wool packed at 10 lbs. per 
cubic foot. 

The conductivity of the class of poor 
conductors, or insulators, ranges in value 
from about 0-00008 to (M)0030'C.G.S. units, 
the best insulators having nearly twice the 
conductivity of air (0-00005). The values 
have a positive coefficient with rise of tempera¬ 
ture which is frequently of the same order as 
that of air. 

Some typical methods for testing such 
materials are described below. 

(i.) Spherical Shell Method *— Nusselt. — 
Theoretically the simplest form of solid, 



Wt, of oovorlng material par oftOio ft,in pounds 


Fig, 2. 


from the point of view of conductivity 
measurements, is the sphere or spherical shell. 
The flow of heat from a source at tho centre 
is symmetrical and follows a simple mathe¬ 
matical law. On the other hand tho use 
of a sphere generally gives rise to consider¬ 
able experimental difficulties and tho material 
has to he made up into a special shape. 

However, 'the. method has been successfully 
adopted by several experimenters, of whom' 
Nusselt 1 may he taken as an example.' In 
bis apparatus the shell of material was con¬ 
tained between two spheres of metal, Tho 
inner one of copper, 15 cm. in diameter and 
1-5 mm. thick, was split into hemispheres 
which wore joined with a bayonet joint so 


. * J<'omh. Ver. d. Ing., 1909, Eclto 63 and 64. 
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as to give a smooth exterior. The outer 
sphere was also split into two halves held 
together by a flanged joint with bolts, it 
was of zinc 1 mm. thick and either 60 or 70 
cm. in diameter. The zinc sphere was coated 
with paint and its temperature excess above 
the atmosphere did not exceed 15° 0. 

The space between the spheres was filled 
with the material under test, and a constant 
supply of heat was maintained electrically 
inside the inner sphere. The temperatures 
at different points in the material were 
obtained by means of a number of thermo¬ 
couples of iron—constantan. Care was taken 
to ensure that the wires of each couple for a 
few centimetres from the junction were led 
along the isothermal plane so as to avoid 
errors due to conduction in the wires them¬ 
selves. The importance of this precaution 
was shown by means of an experiment with 
infusorial earth, in which the junctions of 
two thermocouples were embedded in the 
material at equal distances .from the centre 
of the sphere: that is to say, in the same 
isothermal plane. In one case the wires 
from the junction were led away along the 
radius, and in the other at right angles to the 
radius ( i.e. along the isothermal plane). The 
respective readings obtained were 74*9° C. 
and 116-3° C. 

To obtain the temperature distribution in 
the material, couples were fixed along three 
radii at right angles to each other, four 
couples being arranged symmetrically on 
each radius. In addition to these 1.2 couples 
others were fixed at different points so that 
the distribution of temperature was studied 
with some care. 

When the steady state of temperature had 
been reached it was sufficient to know the 
energy supplied to the central sphere, the 
temperature of two isothermal surfaces. 
The conductivity is then obtained from 
equation (2) above, the value of the shape 
factor being in this case 2 xab/(b - a), where 
a and b are the internal and external radii of 
the shell. 1 

Nusselt used the apparatus for testing a 
number of insulating materials such as 
infusorial earth, slag-wool, asbestos, powdered 
and slab cork, charcoal, sawdust, wool, silk, 
cotton. The "teinp£?atnre range extended 
from that of the atmosphere to 500° G. and 
the results are stated to inaccurate to 1 or 
2 per cent. A 

The packing of the material ancrUm arrang¬ 
ing of the thermocouples must have?"D? en far 


agreement with those obtained with other 
observers, as will be seen from Table I. 

(ii.) Cylindrical Shell Method . -Lamb and 

Wilson .—A cylindrical shell of material with 
plane ends was adopted by Immb and 
Wilson 2 for tho purpose of determining the 
conductivity. 

Their apparatus is illustrated in Fitj. 3. 
The material was contained in the space 
between two cylindrical copper pots kept at a 
definite distance apart by pieces of vulcanised 
fibre. The inner pot contained a small motor 
with a fan attached to tho axis. A tinplate 
cylinder, open at tho top and with holes at 
tiie bottom, -was put inside to direct tho 
currents of air over tho inner surface of tho 
inside pot, in tho direction of the arrows. 
Energy was supplied electrically to a heating 
coil within, as well as to tho motor; this 
constituted an internal supply of heat, which 
maintained tho temperature within tho pot 
at any determined upper limit. Tho motor 
and heating coil were connected in scries, find 
leads wore carried through a small hole in 
the lid of the pots to measure the current and 



the potential difference, and thus the power 
expended on internal heating. The outer pot 
was immersed in a tank kept overflowing 
from the water main, the lid of the pot being 
made into a sorb of saucer, into which tho 
incoming water ran. In this way the surface 
of tho outer pot was kept at a uniform and 
constant temperature. 

Tho outer pot was 8 inches in diameter 
and 16 inches high, and there was a clearance 
of 1 inch between the two pots. Tho tempera¬ 
tures of the pots were measured by thermo* 
" i of copper and iron soldered at tho 
and 0. 

inary experiments with cum pies sol- 
different parts of tho copper pots 
vn that the temperature distribution 
Proc. Roy. Sob ., 1899, lxv. 285. 
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constant within 0-5° C., when working i the radii of the inner and outer pot re 


with a temperature difference of 25° C., 
lienee the two thermocouples at B and 0 
were relied on to give the temperature 
difference. 

The shape factor in this case was taken as 


spectively. The formula is an approxima¬ 
tion, but experiments with 2 - inch layers 
gave results consistent with those for 1-inch 
layers, so that it may he taken as sufficiently 
accurate. 


Poor Conductors 

The thermal conductivity K is given in the Tables below as the number of calories per sq. cm. 
per see. per 1 cm. thickness per 1° C. difference in temperature. 


„ (dry) . . 

Cork (powdered) 

„ (fine granulated) 

„ slab (cork and pitch) 

Cotton waste 

Eider clown 
Kapok (loose.) . 

„ (tight) . ' . 

Hair-felt (sheets) • . 


Infusorial earth or Kieselguhr (loose) • 


„ „ (baked lagging) 

Kieselguhr and asbestos 
Magnesia asbestos composition 
Paper crumpled .... 

Sawdust. 

„ . (pine) , 

» (fir). 

Silk (loose). 

Slag (loose blast furnace) 

Slag wool (13 lbs. per o. ft.) . 


(density 0-02) 

( , 0*2) . 


Temperature. K x 10*. 
°0. C.G.8. Units. 

0 3*61 

100 4-64 

600 545 7 

500 1-64-2'14 

30 2-07 

0 1.30 

100 1-75 

30 1-G0 

0 1-20 

0 0-86 

100 1-33 

0 1-04 

0 1-60 

0 M2 

0 1-31 

100 1-64 

100 1*10 

100 M0 

30 ,1-22 

30 1-44 

30 14)6 

20 0-8 

0 1-44 

100 1-83 

400 2*10 

0 1*96 

0 1-78 

400 3-33 

100 2-48 

20 1-G0 

30 1-07 

50 1*53 

30 2-42 

20 , 1-72 

0 14)0 

GO 2-64 

0 1-04 

30 1-51 

0 0-02 

100 1-30 

100 M0 

100 0-G4 


Authority. 


j- Nusselt, 1909. 

Randolph, 1912. 

Lamb and Wilson, 1899. . 

| Nussolt, 1909. 

Lamb and Wilson, 1899. 

National Physical Laboratory, 1920. 

J- Nussolt, 1909. 

National Physical Laboratory, 1920. 
Nusselt, 1909. 

National Physical Laboratory, 1920. 
| Nusselt, 1909. 

| Randolph, 1012. 

j Lamb and Wilson, 1899. 

Lamb and Wilson, 1899. 

Niven and Geddes, 1912. 

j- Nussolt, 1909. 

National Physical Laboratory, 1920. 
| Nusselt, 1909. 

Randolph, 1912. 

National Physical Laboratory, 1920, 
Lamb and Wilson, 1899. 

Nusselt, 1909. 

Lamb and Wilson, 1899. 

Niven, .1905. 

| Nusselt, 1909. 

National Physical Laboratory, 1920. 
Lamb and Wilson, 1899. 

j- Nusselt, 1909, 

} Randolph, 1012. 


that of a cylindrical shell of the length of the 
inner pot plus that of the plane ends, taking 
their areas as the mean of the end surfaces of 
the inner and outer pots. This gave a value 
for the shape faotor 

2t ( __ 

\l°g«( r a/*i) k~k )’ 

where and 4 are the lengths, and r t and r a 


The temperature difference in these experi¬ 
ments was about 20° or 30° 0., and the results 
are summarised in Table I. 

As in the ease of the spherical shell method, 
the configuration of the apparatus makes it 
difficult to secure uniformity of packing, a 
point of some importance in determining the 
conductivity of many insulating materials. 
It is not clear whether the question of heat 

2v 


VOL. X 








434 


HEAT, CONDUCTION OF 


loss by conduction along tlie wires leading 
from the inner pot was considered. 

(iii.) Wall Methods —(a) Randolph .—In using 
the wall method it is assumed that the lines 
of heat flow are perpendicular to the faces. 
This is true for the central portion of a wall, 
but at the edges, unless the leakage of heat 
laterally can be prevented, the lines of flow will 
be curved. The “ edge effect ” thus produced 
gives rise to troublesome corrections in 
applying the equation (1) above, and it only 
becomes negligible if the wall is very large | 
compared to its thickness. The difficulty can, 
however, be surmounted by the use of. the 
ouard-ring principle, the effect of which is to 
isolate a central portion of the wall where the 
heat flow is approximately normal to the 

An example of an apparatus of this kind is 
that designed by Randolph 1 for measuring 
the conductivity of insulating materials. 

He took a hot plate heated electrically. by 
means of a resistance ribbon wound on. mica. 
The top of this plate is of copper, inches 
in diameter and \ inch, thick, and its tempera¬ 
ture is measured by means of couples of 
platinum and platinum-iridium. The material 
to be tested, which varied in thickness from 
4 inch to'2-J- inches, is contained between this 
hot plate and a water-cooled plate. The latter 
is in two parts, the central one forming a 
calorimeter and the outer one a guard-ring. 

A stream of water is maintained in the 
calorimeter, and its rate of flow multiplied 
by the difference in temperature between the 
inflow and the outflow gives the quantity 
of heat received by the central disc. A 
similar stream of water flows through the 
guard-ring, and its temperature never differed 
by more than 0T° C. from the water in the 
calorimeter. With this small difference in 
temperature between contiguous portions of 
the guard-ring and calorimeter, and as there I 
was no metallic connection between the two, 
there could be no appreciable passage of heat 
from one to the other. All the heat reaching 
the calorimeter was thus received directly 
from the hot plate, and the lines of flow were 
approximately normal to the surfaces. The 
conductivity was obtained from equation (1), 
knowing the temperatures of the hot and cold 
plates and the thickness of the material. 

Randolph used this apparatus for obtaining 
the conductivity of a number of insulating 
materials such as asbestos and various asbestos 
' compositions, mineral wool, diatomaoeous 
earth, wool, cotton, eiderdown. A summary 
of his results will be found in Table I. It is 
interesting to note that he adopted a standard 
of compression of the materials which wore 
packed as closely as possible by tapping and 
were then compressed by 25 per cent. The 

1 Trans. American Electrochem. Soc., 1012, xxi. 545. 


measurements were easily made with an 
accuracy of 2 per cont, but variations ox <> per 
cent were found between different samples 
of the same material. The cold plate was 
approximately at atmospheric temperature, 
while the hot plate ranged from 100 to (>(H U 
It may be remarked here that tno How calori¬ 
meter is not suitable for dealing witbsmall 
temperature gradients of, say, Iff or 20 (% iu 
the case of insulating materials, since the heat 
passing through the material would be so 
small as to give only a minute rise in tempera¬ 
ture of the flow. Further, the leakage to or 
from the surroundings might become compar¬ 
able with that passing through the test 
material and thus give rise to considerable 
errors. 

Some of Randolph’s values show a tendency 
to bo low, for example, that for wool fibres 
(at density 0-192) as being (H)ffffff54, or equal 
to air in conductivity. 

(b) National Physical .Laboratory. In the 
apparatus described above the heat flowing out 
through the cold face of the wall of material 
was measured, but the practice is sometimes 
adopted of determining the heat supplied to 
the hot face. This is conveniently done by 
arranging an electrically heated plate as a 
sandwich between two exactly similar walls 
of material. The total energy supplied can 
easily be measured, and it passes out in 
approximately equal amounts through the 
two walls. 

Figs. 4 and 5 show an apparatus of this 
type which is in use at the National Physical 



Laboratory. 1 The hot plate consists of flat 
heating units of asbestos-covered wire, or wire 
wound on mica, which are clamped between 
shoots of brass or aluminium. The plate is 

divided into two portions-.-a central square 

area A, 3 foot by 3 feet, and a guard-ring B, 
1 Annual Report Nat. Rhys, Lab,, 1010, 
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I foot wide, surrounding it. Those portions are 
separated, liy an air-pap, and are kept apart by 
four small wedges of wood or fibre. They are 
independently heated, and the energy supplied 
to each is adjusted sc that the temperatures 
of (.lie contiguous edges are the same. In 
order to facilitate this adjustment the energy 
supplied to the top, bottom, and sides of the 



guard-ring could be separately controlled (see 
Fit/. 4). Under these conditions the heat 
Hows away from the central portion in lines 
perpendicular to the surface. The outer 
surface of each wall of the material is in 
contact with an iron plate, which oan bo 
maintained at a constant temperature. This 
is clfectcd by the circulation of water or 
brine through a coil of square-section lead 
pipe, which is clamped on to the back of the 
plate ( Fit], 5), The plate and coil are con¬ 
tained in a wooden ease packed with insulation, 
which is not shown in the figure. The coil is 
wound in a hitilar manner, so that inflow 
and outflow pipes alternate, and thus the 
temperature is uniform over the whole surface. 
The cold plates can conveniently bo run at 
any temperature from - 25° C. to +15° (J. 
The temperature distribution is studied by 
means of a number of thermocouples lot into 
grooves in the hot and cold plates. By taking 
duo precautions the plates can be kept 
uniform in temperature to within about 0-01° C. 

By means of this apparatus walls of insulat¬ 
ing material have been tested under conditions 
corresponding closely to those prevailing in 
cold stores. Home of the results obtained are 
given in Table I, 

§ (4) Hoi. i ns, M ionium Conductors 
(K "0*0003 to 0*01). — Tho division, between 
the poor and medium conductors is purely one 
of convenience. All non-metallio bodies, not 
included in tho former class fall into the latter. 
Examples of the medium conductors are the 


various kinds of woods and other organic sub¬ 
stances, the refractory materials and bricks 
used in furnace construction, rocks and mineral 
substances. The limits of conductivity may 
be said to be from 0-0003 to 0*01 C.G.S. units. 
No general rule can be laid down as to the. 
change of value with temperature. As may 
be expected, the more granular materials 
show an increase in conductivity with rise of 
temperature, while the homogeneous solids 
generally show a decrease. 

(i.) Cylindrical Method .—A number of experi¬ 
menters have used a solid cylinder of material 
heated axially to measure the conductivity. 
The heat is generally supplied by a wire along 
the axis, and the temperature is measured at 
two or more points at different distances from 
the axis. If Q is the quantity of heat generated 
per unit length of the heating wire, then 

rv __ 2 ?t K( 8 1 — fl 2 ) 

log* (U/H) ’ 

We may take as examples the experiments 
of Niven, Poole, Clement and Egy. 

(a) Niven .—The conductivity of a number of 
materials such as wood, sawdust, sand, plaster 
of Paris, and garden mould was measured by 
Niven. 1 

A general view of the apparatus is shown 
in Fig. 6, while the arrangement of the wires 



for heating and measuring temperature are 
shown in Fig. 7. For the central heating 
wire CD, platinoid of gauge 34 or 40 was 
used. The wires AA and BB were of platinum. 



They were prepared by coating a platinum 
wire with copper and drawing down till the 
platinum had a thickness of 0-035 mm. and 
the copper 0-27 mm. The latter was then 
dissolved off. The change of resistance of 

1 Proc. Roy. Soc., 3905, lxxvi. 34. 
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these wires gave the difference in temperature 
between the isothermal surfaces, whose dis¬ 
tances from the axis could be accurately 
measured. Niven experienced considerable 
difficulty in the use of these fine wires, and 
eventually abandoned them in favour of 
"thermo-junctions consisting of German silver 
wire and iron 0-2 mm. in diameter. 

When solid material was being tested in 
this apparatus, it was in the form of two half 
cylinders. One of these was moved up 
underneath the wires until they rested on its 
face, and the other half-cylinder was then 


fixed on top. For looso materials cylindrical 
wooden shells were used as containers. 

Niven gives an approximate calculation an 
to the time taken for the flow of heat to reach 
the steady state. Assuming the temperature 
to be taken at two points ivMjxmlively l and 
3 cm. from axis, and taking Baud which has 
a diffusivity of about 0*0032, the time taken for 
the temperature difference to reach within 
5 per cent 'of its final value avhm H hours, and 
within 1 per cent of its final value 7| hours. 

A summary of Niven’s results is included in 
Table II. 


Table II 

Medium Conduotous 


Substance. 


Temperature. 
° 0 . 


ICS 10‘. 
CUES. Units. 


Ash 

Beech 

Fir 

Mahogany . 
Norwegian pine 
Oak . 

Teak .’ 


Fireclay Bricks — 

66% SiO„ : 29% Al 2 0 3 f burnt at \ 
4% Fc 2 0 3 : 0-5% CftO \1050° 0. J 
Ditto . (burnt at 1300° C.) 
66% Si0 2 : 31% A1 2 0 3 / burnt at \ 
1% Fo a 0 3 :1% Aik 1330° 0. / 
63% Si0 2 : 43% A1„0 3 \ 

2%Fe 2 0 8 : 1*5% Aik / 

Silica Bricks -.— 

94% Si0 2 : 1% A1„0 3 /burnt at I 
2% FOjjOjj: 2-0% 0a0\l050° C. / 
Ditto . (burnt at 1300° 0.) 
95% SiO a : 2% AljjOg ) 

1-1% Fo 2 0 3 : 1-5% CaO / 

96% SiO„ : 0-9% A1 2 0 3 1 

0-8% Fe 2 0 3 : 1-8% CaO J 

Magnesite Bricks — 

92% MgO : 5% Si0 2 \ 

1-6% Fe 2 0 3 :1-7% CaO / 

86-5% MgO : 2-5% Si0 2 \ 

7-0% Fe 2 0 3 : 2-7% CaO ) 

Diatomile Bricks — 


Basalt 

Chalk . . , . 


Woods 


20 

20 

20 

20 

20 

20 

20 


3-6 

3-7 

2-G4-3-94 
3-42 
3-18 
5-01 
3-97 


Refractories 


230-1100 

230-1000 

600 

1000 

100 

1000 


100-1000 

160-930 

400-1200 

100 

1000 


320-660 

700-1400 

450-830 


100 

500 


35-0 
42-0 
30-6 
40 -5 
16-0 
33-9 


20 >0 
31 >0 
30'0 

221 ) 
42-5 


151*0 
91 *0 

136*0 


Rocks 


100 

400 

600 

0 

20-100 


3*10 

4*61 


40-0 
39-5 
39-6 
31 *7 
52*0 
■ 22*0 


\; 


Authority. 


Niven amtO widen, 1012, 


Niven, 10015.. 


Niven and Gwkles, 1012, 


Wologdino, 1909. 

Dougill, Ilodsmnn, and Cohit, 1916, 
Boyd Dudley, 101/5, 

Wologdino, 1909. 

Dougill, llodsman, and Cohh, 1016. 
| Boyd Dudley, 19,115. 

| Dougill, Hodmnan, and Cohh, 1016, 
Boyd Dudley, 1915. 

j National Physical: Laboratory, ,1010, 
} Poolo, 1914. 


E, Weber, 1880, 

I! edit, 1904. 

Horaohell, Lodobour, nml Dunn, 1870, 
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Table II —eontmued 


Substance. 

Temperature. 

u 0. 

K x 10' 1 . 
C.G1.S. Units. 

Authority. 




Hocks — continued 





f 

100 

57-0 

\ 

J 

Poole, 1914. 

Granite .... 


• \ 

500 

37-0 



l 


75-0-97-0 

II. F. Weber, 1911. 

Lava . 



10-100 

21-0 


Morano, 1898. 

Limestone .... 


■{ 

100 

350 

50-0 

32-0 

} 

Poole, 1914. 



( 


78-0 

Heoht, 1904 

Marble .... 


. 


82-0 


Ii. F. Weber, 1011. 



1 


71-0 


Lees, 1892, 

Pumice .... 


/ 

50 

5-50 


Nussclt, 1909. 


• 1 

, , 

0-0 


Horseholl, Lodobour, and Dunn, 1879. 

Slate. 



94 

35-7 


Lees and Ohorlton, 1890. 




Miscellaneous « 



Cement (Portland) . 



90 

7-1 


Lees and Ohorlton, 1890. 

Clay tile .... 



20 

17-0 


Niven and Geddes, 1912. 

Ebonite .... 



35 

4-2 


Lees, 1898. 

Glass (plate) 



20 

19-2 


Niven and Geddes, 1912. 

,, (22- 07.. window) 



35 

24-5 


Lees, 1898. 

Garden mould (dry) 



20 

4-8 


Niven, 1905. 

Leather .... 
Linoleum .... 



20 
• 20 

3-29 

3-51 

\ 

J 

Niven and Geddes, 1912. 

Naphthalene 



36 

9-5 


Loos, 1898. 

Paper ..... 
Paraffin wax 



20 

20 

3-27 

6-65 

) 

1 

Niven and Geddes, 1912. 

Plaster of Paris 



20' 

10-7 


Niven, 1905. 

„ „ (made up) 



20 

12-0 


B.A. Committee. 

Rubber .... 




4-5 


Lees, 1892. 

Sand (line) 



20 

6-6 


Niven, 1905. 


/ 

20 

0-15 


Niven and Geddes, 1912. 

Sulphur .... 


• { 

35 

6-7 


Lees, 1898. 

Shellac .... 



35 

5-8 


Lees, 1898. 

Vulcanite .... 



20 

4-21 


Niven and Geddes, 1912. 


It is not clear from the description given 
whether any special precautions were taken 
to guard against u end effect ” due to the con¬ 
duction of heat at the ends of the heating wire 
and cylinder. Apart from this point the 
method does not seem to be open to criticism. 

(6) Poole . 1 —This experimenter made use of a 
cylinder of material for measuring the conduc¬ 
tivity of rocks. The cylinder was heated 
axially by means of a wire dissipating a known 
amount of energy, and it was contained inside 
iin electric furnace maintained at a constant 
temperature which ranged up to 600° G. 
Several modifications of apparatus were used, 
one of which is illustrated in Fig. 8. 

The furnace consisted of a copper tube 
wound with insulated nichrome wire and 
contained in a lagged case. The specimen 
cylinder of rock A fitted roughly into the 
furnace, the ends of which CC were filled with 
pulped asbestos millboard. The cylinder was 
15 cm. long by 3-6 cm. diameter and had a 
hole bored down its axis. With a soft rock 
such as limestone, a hole as small as 1-5 mm. 

x JPhil. Mag., 1912, xxiv. 45, and 1014, xxvil. 58. 


diameter could ho bored, but with hard rocks 
like granite or basalt the hole was nearer 
4-5 mm. in dia¬ 
meter. In the 
latter cases the 
hole was either 
filled in with 
cement, through 
which a smallor 
hole could then 
ho bored, or the 
platinum heat¬ 
ing wire (0-3 
mm. in dia¬ 
meter) was 
wound with as¬ 
bestos cord to 
keep it central 
in the hole. A 
constant cur¬ 
rent was passed 
through the 
wire, and the 
potential drop was measured on the central 
portion 10 cm. in length. By using a 
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cylinder relatively long compared to its 
diameter, and by measuring the _ energy 
dissipated in the portion of the wire well 
within the cylinder, the troublesome end effect 
found in preliminary experiments was elimi¬ 
nated. The difference in temperature of two 
isothermal surfaces and the mean of the 
temperatures of the surfaces were measuied j 
means of couples of platinum and platinum- 
iridium 0-1 mm. in diameter. The couples 
were all in the central plane of A per pendicular 
to the axis, the cylinder being cut in half at 
this point. The arrangement of the couples 
is shown in Fig. A which is a plan of the 



lower half of the cylinder. The junctions of 
the couples are fixed in circular grooves cut 
in the face, the grooves being connected by 
radial grooves for carrying the wires between 
the circular grooves and for carrying them 
out of the cylinder. It will be seen that the 
couples are arranged so that the mean E.M.l). 
gives the mean difference in temperature of 
the circular grooves. The diameters of the 
latter were respectively 2-G1 cm. and 0725 cm. 
They are V-shaped, 2-5 mm. deep and 1-5 mm. 
wide, while the radial grooves were 0-5 mm. 
deep. The couple wires were cemented in 
the bottom of the grooves, and the two half¬ 
cylinders were cemented together. In the 
right-hand half-cylinder a groove was cut at a 
distance from the axis equal to the geometric 
mean between the radii of the grooves on the 
opposite face. A single couple, fixed in this 
groove, thus served to give the mean 
temperature of the isothermal surfaces. 
The temperature difference between these 
isothermals was of the order of 10° C., while 
the mean temperature of the whole apparatus 
could be fixed at any point by an automatic 
control. The measurements were made when 
the steady state had been approximately 
reached, and a method is given for correcting 
for small departures from the steady flow. 
Poole also made use of a cylinder cut into two 
parts longitudinally instead of transversely. 
This has the advantage of enabling the axial 
groove to be made very small and accurate. 
A similar arrangement for determining the 


difference in temperature between isothermal 
surfaces is adopted, the junetinns of the 
couples being, of course, hi longitudinal 
plane instead of a transverse plane as before*. 

Poole made a study of the Variation of 
conductivity of limestone, granite, and basalt 
by means of his apparatus, lie shows flint 
the two former give decreases ol conductivity 
with rise of temperature, while basalt shows a 
slight rise to about 200° O., above which the 
conductivity is constant. Oil prolonged heat¬ 
ing all three materials show a permanent fall 
in conductivity, due apparently to small cracks 
in the rocks. 

(c) Clement and Egy .—A (similar method to 
those described immediately above was used 
by Clement and Egy 1 for obtaining the 
conductivity of fireclay bricks. The speci¬ 
mens were in the form of hollow cylinders 
heated by a coil of nickel wire wound on a 
porcelain tube fixed along the axis of the 
specimen. Two holes wort' bored parallel 
to the axis for the insertion of thermocouples. 

The method has the disadvantage that 
specimens were required of special form 
differing from that in which tho material 
is used, and there would seem to have been 
some uncertainty in tho measurement of the 
radial distances. 

(ii.) Wall or Slab Methods,- .A number of 

observers have determined the conductivity 
of materials of 
medium conductivity 
by experiments on 
walls or slabs. In tho 
important class of re¬ 
fractory materials, tho 
methods adopted by 
Wologdine, Dougill, 

Ilodsman and Cobb, 

Boyd Dudley, and 
Griffiths are described, 
while for other 
materials the work of 
Lees is referred to. 

(a) Wologdine .—An 
extended investiga¬ 
tion of the thermal 
conductivity of refractory materials of French 
manufacture was made by Wologdine. 8 

A diagram of the apparatus he employed is 
shown in Fig. 10. The specimen under tost wan 
specially made in the form of a circular *Uho, 
5 cm. in thickness, with a hovelled edge funning 
a portion of the walls of a gas-heated muffle. 
The temperature gradient through the slab was 
obtained by embedding two platinum, platinum- 
rhodium couples at a depth of 5 mm. from each 
face. An additional thermo-element in the air 
near the hot face gave the furnace temperature. 

1 Phys. Rev., 1909, xxviii. 71 ; Bull. Unit'. Illinois, 
1909, xxxvi. 

* Met. and Chcm. Ifrig., 100i>, vl, 98;$, 483, trans¬ 
lated by Queneau. 
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The heat transmitted through the slab was 
measured by a flow calorimeter in the form 
shown in the figure. 

The design of the calorimeter is the weakest 
point in the method, since the presence of a 
cooled area on the upper surface must distort 
the flow lines from normal. A guard-ring 
around the calorimeter would have eliminated 
this source of error. 

The couples were calibrated by reference 
to the freezing-points of copper, common salt, 
and aluminium, together with the boiling- 
points of sulphur and naphthalene. With the 
exception of sulphur, the values assumed for 
these fixed points are in fair agreement with the 
values accepted at the present time. For the 
boiling-point of sulphur the value 455° was 
taken instead of the generally accepted value 
445*5°. 

In the ease of each material, samples were 
fired at two temperatures, 1050° C. and 
1300° 0., and it was found that the conduc¬ 
tivity increased with the firing temperature. 
Thus silica bricks fired at 1300° C, showed a 
value f>0 per cent greater than those burnt at 
1050° C. Wologdine also found that thermal 
conductivity increased with temperature, 
except possibly in the case of chromite brick, 
for which the value was nearly constant. 

(b) Dougill, Hodsman, and Cobb .—The ther¬ 
mal conductivities of some fire-clay, silica, and 
magnesia bricks were investigated by Dougill, 
Hodsman, and Cobb. 1 Their apparatus was 
somewhat similar to Wologdine’s, but designed 
to take ordinary sized samples. The heat 
transmitted was measured by the evaporation 
of water from a vessel cemented on to the top 
surface of the brick. This calorimeter was 
composed of a large vessel, 9 inches long by 
41- wide by 3 inches high, with a plane base. 
Within the larger vessel was fixed the calori¬ 
meter proper, consisting of a chamber 4 inches 
long by 2 inches wide by 2 £• inches high. 
Steam distilling from this inner vessel passed 
through a sloping tubo to a condenser, the 
water being collected in a measuring jar. 

The usual rate of evaporation was about 
5 c.c. per minute. The authors state that it 
was found advantageous to surround the inner 
chamber with a non-conducting jacket, and 
for this purpose sheet rubber was found to be 
satisfactory. 

Probably it would be better if, in this 
method, the calorimeter was entirely separated 
from metallic connection with the larger 
vessel, since the existence of a slight gradient 
of temperature across the metal base might 
seriously vitiate the results. 

An interesting fact brought out by the 
investigation is the marked decrease with 
temperature in the thermal conductivity of 
magnesia brick. 

1 Journ. Soc. Ghem, Ind„ 1015, xxxiv. No. 9, 405. 


(c) Boyd Dudley .—Experiments on fire-clay, 
silica, and magnesia bricks of American 
manufacture were carried out by Boyd 
Dudley. a The material under test constituted 
one wall of a furnace heated by means of 
by-product coke. By careful regulation of 
the draught a uniform combustion through a 
depth of 26 inches was obtained. The bricks 
composing the wall were 9 inches by 4£ inches, 
and built so as to produce a flat surface. 
The heat transmitted through a definite area 
of the wall was measured by a flow calorimeter 
8 inches by 8 inches, fitted with a guard-ring. 
A period from eight to nine hours was allowed 
to elapse after starting the fire before observa¬ 
tions were commenced. 


The temperature gradient through the 
bricks was obtained , 

by means of a plat- C 

inum, platinum- 

rhodium couple in- constant - 

sorted to various Head Tanh - 

depths in holes bored - — - 

to within \ inch of 
the inner face, 
measurements being [ 

made every | Inch to „ 

within inch of the / V ) 1 D 
cold face. / d /M | 

This method of UssJ M M 

ascertaining the tom- g 5 mm all 


jjp 
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peraturo at various points is simple, but suffers 
from the disadvantage that the couple wires 
are perpendicular to the isothermal planes and 
tho readings may be vitiated by conduction 
along tho wires cooling tho junction. 

Dudley found that the conductivity of 
magnesite was practically constant between 
445° and 830°; which is contrary to the 
results of Dougill, Hodsman, and Cobb, 

(d) Griffiths .—An apparatus used by Griffiths 3 
for measuring the conductivity of slabs of 
refractory materials is illustrated in Fig , 11. 
The faces of these materials are always 
irregular and are generally slightly curved, 

* Met. and Ohm. JSw.,1015, p. 315. 

1 Trans. Faraday Soc., 1017, xii. 100. 



440 


HEAT, CONDUCTION OP 



so that it is difficult to obtain a uniform 
surface temperature. With a view to meeting 
the difficulty the heat was transmitted to the 
hot face of the brick by means of molten 
metal, which adapts itself to the irregularities 
of the surface. Tin was found to be satis¬ 
factory for the purpose at low temperatures. 
It was contained in the cast-iron tray T, 
which has a uniformly distributed heating 
coil attached to its under surface. The depth 
of the molten metal is about 1 cm., and the 
brick under test rests on three projections, 
so that the free surface of the tin around the 
edges stands at a level of about 2 mm. above 
the immersed surface of the brick. 

The temperature of the molten tin was 
obtained by means of a platinum-platinum- 
iridium couple. The details of the construct- 
tion of this couple are shown in Fig. 12. 

The -wires were separ¬ 
ately insulated in the 
quartz tubes, which are 
enclosed in an outer 
sheath, the 
(®f\. - external 
diameter 
of which 
was ap¬ 
proximately 5 mm. The 
bulb B was sealed off in 
the oxycoal-gas blowpipe 
after the insertion of the 
wires, and no difficulty 
was found in bending the 
tube into the L form with 
the wires in situ, pro¬ 
vided the heating was 
not unduly prolonged. 
By rotating the couple 
the temperature distribu¬ 
tion over a wide arc 
could be explored, and 
the insulation of the 
quartz was sufficiently good to prevent any 
leakage from the heating circuit into the 
potentiometer. 

The temperature of the cold surface of the 
brick was determined by several iron-eureka 
(constantan) thermocouples bedded just flush 
with the surface. The calorimeter was at¬ 
tached to this surface by means of a thin 
layer of Purimachos cement. 

The construction of the flow, calorimeter 
will be understood from Fig. 11. The guard¬ 
ring G is separated from the calorimeter 
proper 0 by a narrow gap about 1 mm. wide, 
the space being filled with mica plates M set 
on edge so as to produce a level surface. The 
inflowing water divides at D, and flows through 
adjacent turns of piping in the calorimeter 
and the guard-ring. Since the temperatures 
of the two streams are the same, this tends to 
eliminate any gradient of temperature across 



Fig. 12. 


the gap separating the calorimeter from Uie 
guard-ring. The ratio of flow was adjusted 
to produce equal temperature rises. Differen¬ 
tial couples of six pairs of copper-constantan 
measured the rise in temperature in the water 
flowing through, the calorimeter. The tube, 
containing the inflowing couple is separated 
from metallic contact with the calorimeter 
by a short connecting piece of ebonite 14 
A steady stream of water is obtained by the 
constant-level tank shown, and the rate of: 
flow r through the calorimeter determined by 
the time required to collect one litre of: water, 

In order to detect any systematic errors the 
experimental conditions were varied by alter¬ 
ing the rate of flow', changing the. differential 
couples, and the thickness of slab experimented 
on. 

In experiments at temperatures above 4R0° 
the hot face was maintained at a uniform 
temperature by pressing it against a flat iron 
plate forming a portion of the wall of a large 
uniformly heated muffle. In this case the 
hot-face temperature was determined by two 
bare nickel-copper, nickel-chromium couples 
of No. 19 gauge wire cemented on the 
surface. 

Data for the same sample over the same 
temperature range obtained by two different 
modes of heating were in dose agreement j 
the molten metal bath method giving more 
concordant results than the muffle method. 

(a) Lees .—Lees 1 has determined the con¬ 
ductivity of small thin slabs of material by 
means of a somewhat novel method. His 
arrangement is shown diagramnmtieally in 
Fig. 13. A small hot plate is formed of two 



copper discs C and U, between which is 
sandwiched a heating coil of platinoid insulated 
by mica. The thickness of the coil with the 
insulation was -II om., the thickness of 0 
•103 cm,, and U -312 cm, 

S was the substance whose conductivity 
was to be measured, while M was another 
copper disc -32 cm. thick. The contacts of 
S with IJ and M were improved by smearing 
the surface with glycerine and sliding them 
together. The diameter of all the discs was 
4 cm. At opposite ends of a diameter of 

1 Phil. Trans. Roy. Soo., 1808, cxei. 800. 
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each copper disc were soldered a platinoid 
and cupper wire which formed a thermo- 
junction for the measurement of tempera¬ 
ture. 

When the discs had been assembled they 
were varnished to give them the same emis- 
sivity, and the pile was suspended in a 
constant temperature enclosure. The current 
was switched on in the heating coil, and after 
a duo time had been allowed for the (steady 
state to be reached, the energy was measured 
and the temperatures of the three copper 
discs. 

The theory may be briefly stated as follows : 

Let If--- rate of energy supplied to the heating 
noil, 

/t—lieafc loss per second per sq, cm. for 1° 
excess, of temperature of the discs over 
that of the enclosure, 

:(»•-■= the excess of temperature over that of 
the enclosure, 

C==thicknesH of disc, 

»•=radius of the discs. 


Now the heat received per second by the disc M 
and given up to the air is 



Similarly the heat received by S and given up to the 
air from its exposed surface or passed on to M is 


irrVi 



% 


+ rrVi S 



If K is the thermal conductivity of the disc S, then 
the heat flowing through the disc is 



Assuming that the heat flowing through the disc to 
he the mean of the heat flowing into and out of the 
disc, i,e, the mean of the first two quantities above, 
we get 
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Which gives us a relation between K and h. 
Further, the total heat imparted to the system 
must equal (hut given up to the air from all 
the exposed surfaces, and therefore we get the 
equation 


% +% 

H = vr"li ■{ »> M -I- »<, ■ h r (< M % *(• t H . .b * w % 


+Vo) }• 

From these two equations the values of K 
and h can bo determined by measuring H and 
the temperatures ’of the discs. 

Lees worked out the correction for the 
conduction of heat along the thermocouple 
wires and the leads to the heating coil. 

Ho used this method for determining the 
conductivity, and variation of conductivity 


with temperature, of a number of substances, 
such as glass, sulphur, ebonite, shellac, fibre, 
naphthalene, lard. He also extended this 
method to apply to liquids in the manner 
described below (§ (7 ii.)). 

§ (5) Solids: Metals (K =0-015 to 1-00).— 
The class of metals is distinguished by its 
high conductivity alike of heat and electricity. 
This is explained by the supposed dependence 
of the two phenomena on the diffusion of 
electrons, and a mathematical relationship 
has been established between them which, 
as will he shown below, is partially confirmed 
by experiment. In the non-metallie solid, on 
the other hand, the electron is supposed to 
be capable of vibration only, so that heat 
conduction is assumed to be due to internal 
radiation. While this theory explains the 
known facts Letter than any yet advanced, 
it should be pointed out that it fails to account 
for the fact that some dielectrics have a higher 
conductivity than the worse conducting metals, 
e.g. the conductivity of quartz parallel to the 
axis (K = '029) is greater than that of bismuth 
(K = 0-016 to 0-019). 

The conductivities of metals range from 
0-015 to 1-00 O.G.S. units. Practically all the 
pure metals have a small negative coefficient 
of conductivity with rising temperature, while 
the alloys show a positive coefficient. 

The high conducting power of metals gives 
rise to certain modifications in the types 
of apparatus described above. Thus it is 
necessary to use a considerable thickness of 
metal to obtain appreciable temperature 
gradients, and the measurement of the bound¬ 
ary temperatures is very difficult. This 
latter point is well illustrated by the early 
experiments in which a .slab of metal was 
heated on one side by steam or hot water and 
cooled on the other side by ice or cold water. 
Under these conditions the temperatures of 
the faces of the metal wore assumed to bo 
those of. the steam, ice, or water as the ease 
may be. Acting on this assumption, Clement 
obtained a value for the conductivity of copper 
which was 200 times too low, while I?6olet, 
who was aware of the source of error in 
Clement’s work, and took extraordinary 
precautions to secure efficient stirring, still 
obtained a value for copper which was about 
one-fifth of the true value. The difficulty 
is due to the fact that, even with the most 
vigorous stirring, there is always in contact 
with the metal surface a thin film of fluid 
which is at rest, and thus has a temperature 
gradient through it. If d is the thickness of 
the metallic plate (of true conductivity K) 
and d t and rf a of the stationary films of fluid 
(of conductivity K') on each side, it can 
easily be shown that the effect of assuming 
the temperatures of the metallic surfaces to 
bo those of the moving liquid on each side 
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is to give an apparent conductivity of the 
metal equal to the true conductivity divided by 

i , K ( d i + d i) 

+ K' ' d • 

In the case of copper and water the value of 
K/K' is about 700, so that the value of ^ and 
tL would only have to be Y ;; „ of the thickness 
of the copper to obtain an apparent con¬ 
ductivity one-fifth of its true value. 

(i.) Plate Method. Hall —In spite of the 
diffioulties mentioned above, the plate method 
has been used—-notably by Hall, 1 to whom 
is due an ingenious method of determining 
the difference in temperature between the two 
faces of a thin metal plate. 

He experimented with a disc of iron 10 cm. 
in diameter and 2 cm. thick. Each side of 
the disc was coated with copper to a thickness 
of 2 mm. By attaching a copper wire to 
each side a differential thermocouple was 
obtained the E.M.F. of which gave the 
difference in temperature between the two 
surfaces of the disc. Hall had a number of 
copper wires attached to the copper faces, 
which were immersed in streams of water at 
different temperatures. The heat coming 
through the disc was given by the rate of flow 
of the cold water (about 20 gm. per second) 
and the rise in temperature (about 0-5° C.). 
The difference in temperature between the 
faces of the iron disc was of the order of 
1° C., which corresponded to 10 microvolts 
of the differential couple. The individual 
wires gave readings differing by as much 
as 10 per cent, which was a serious source of 
uncertainty. Hall obtained values of con¬ 
ductivities as follows: 

Cast iron, 0-1400 C.G.S. units at 30° 0., temperature 
coefficient -0-00075. 

Pure iron, 0-1530 C-.G.S. units at 30° C., temperature 
coefficient - 0-0003. 

The value for pure iron is in good agreement 
with recent determinations, while the value 
for cast iron seems to he too high. 

(ii.) Bar Methods —For the reasons which 
have been indicated above, bars have been 
commonly adopted instead of plates for the 
purpose of conductivity measurements. 

(a) Forbes .—One of the earliest methods of 
determining the conductivity of a metallic 
bar was that due to Forbes. He took a long 
bar kept at a fixed temperature at one end. 
When the steady state of heat flow had been 
reached, the temperature at a series of points 
was measured by means of mercury thermo¬ 
meters let into holes in the bar. By plotting 
these observations and drawing a smooth 
' rough them, the complete temperature 
inn along the bar was determined. 

; ourve at any point gave 

lead., 1898, xxxiv. 283. 


the temperature gradient ( dOjdx ) at that 
point. 

To obtain the heat flowing across the 
particular cross-section of the bar, b cubes 
determined the total heat loss from the 
surface between this section and the cool 
end of the bar — the two quantities are 
obviously equal. For this purpose a separate 
experiment was made on a similar bar which 
was uniformly heated and left to cool in the 
same surroundings as the first bar. From 
the rate of cooling of this bar and a knowledge 
of its heat capacity, tho rate of heat loss per 
unit area could be determined for any tempera¬ 
ture. The data obtained were used for com¬ 
puting the heat loss from the surface of the 
first bar, measured from the particular cross- 
section. The temperature gradient having 
been determined in the first experiment, the 
conductivity was at once obtained. 

Forbes used for the first experiment, 
which has been called the “ static ” experi¬ 
ment since it dealt with the steady state of 
heat flow, a bar of wrought iron 8 feet long 
and lj. inch square section. The hot end of 
the bar was fixed into any iron crucible which 
was maintained at the temperature of melting 
lead or solder. The experimental conditions 
were varied by having the metal bright 
polished in one case and covered with, white 
paper applied with a little paste in another 
case. The surface emissivity in the latter 
condition was eight times that in tho former. 

For the second or “ dynamic ” experiment 
in which the emissivity was determined for 
various temperatures, a bar of the samo 
material and cross-section was used, but only 
20 inches in length. 

Forbes obtained the conductivity of wrought 
iron for a number of temperatures up to 200° 0. 
He assumed, however, that the specific heat 
of iron was constant, whereas it increases by 
some 10 per cent for every 100° 0. rise. For 
this reason Forbes’ values are obsolete. When 
corrected by Tait and Mitchell, they were 
brought more into line with modem values 
but wero still unsatisfactory. Apparently 
another source of error arises from tho fact 
that tho “ dynamic ” experiment docs not 
give the true emissivity coefficients applicable 
to tho “ static ” experiment, owing to tho 
temperature distribution inside the bar being 
different in two oases. This would not, 
however, account for tho largo discrepancies 
in the experiments, of which no satisfactory 
explanation has been given. Thus Forbes, 
using two bars respectively l|-ineh and 1-ineh 
square section, obtained values differing by 
some 20 per cent, while Mitchell repeating the 
experiments on one bar and cooling it in tho 
centre obtained a value differing by 8 per cent. 

In spite of the . criticism, that has been 
levelled at it, Forbes’ experiment is interesting 
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as being the first; attempt to determine the 
conductivity of a metal in absolute measure. 
His method has been followed, with improve¬ 
ments, by a number of experimenters, notably 
Mitchell, Stewart, Lees, Callendar, and 
Nicholson. 1 The two last-mentioned made 
several important modifications in the method. 
To avoid uncertainties of surface loss a large 
bar 4 inches in diameter w*as used and the loss 
from the bar was reduced to a quarter by 
lagging. The end of the bar, which was 
4 feet long, was surrounded by a calorimeter 
and cooled by a stream of water. The rate of 
flow of the water and the temperature rise gave 
the quantity of heat passing out at the end of 
the bar. The heat leakage through the lagging 
could be computed and was only a small frac¬ 
tion of that absorbed by the calorimeter. 
The uncertainties of Forbes’ method are much 
reduced by the above-mentioned modifications. 
The apparatus is illustrated in Fig. 14. 

Griffiths 2 has also made use of a similar 

1 limi/cl. Brit. 11th Ed. art. “ Conduction of Heat.” 

3 Advisory Committee for Aeronautics, Light Alloy n 
Sub-Committee Report, No. 7, November 1917. 


method for measuring the conductivity of a 
series of aluminium alloys, intended for 
aeroplane engines, up to a temperature of 
350° C. In his apparatus the heat was 
supplied by a nidi mine strip wound on one 
end of a bar, while on the other end a spiral 



pipe was wound which acted as a flow calori- 
metor. The electrical input into tlio heating 
coil was found to equal the amount of heat 
flowing out through the calorimeter plus the 
amount lost laterally through the lagging, 
so that the thermal balance sheet was checked. 
Some of the results obtained by Griffiths are 
given in Table III. 


Tabus III 

Metals and Alloys 


Temperature. 

K. 

, u °- ! 

O.G.S. Units. 


Aluminium, 99% A1 


Antimony 


Bismuth .... 


Gold.| 

Iron (pure).j 

„ (wrought) . . . . I 

„ (cast), 2% 0: 8% Si: 1% Mn j 


-1(30 

•514 

18 

•504 

18 

•480 

100 

•492 

120 

•48 

0 

•044 

100 

•040 

15 

•042 

-18(3 

•025 

18 

•0194 

100 

•01(31 

-100 

•239 

18 

•222 

100 

•21(3 

-252 

4-8 

-100 

1-071) 

18 

•918 

100 

•908 

-252 

3-5 

18 

•700 

100 

•703 

18 

•101 

100 

•151 

-100 

•152 

18 

•144 

100 

•143 

54 

•114 

102 

•111 


| Lees,* 1908. 

} J. and D.,t 1900. 
Angoll, 1011. 

I ' /'«, I,/., 1881. 

Borgot, 1890. 
Maoohin, 1007. 

} J. and IX, 1900. 

Loch, 1908. 

} J. and IX, 1900. 

Meissner, 1915. 
Lees, 1908. 

} J. and IX, 1900. 
Meissner, 1915. 

1 

J J. and IX, 1900. 

Lees, 1908. 

| J. and IX, 1000. 

\ Callendar. 


* Iioes* values at 18" 0. may be .taken to agree with those of Jaeger and Diessolhorst, except when 
they are given separately. 

t J. and I), signifies Jaeger and Diesselliorst. 
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Table III .—continued 


Iron (cast), 3-5% G: 14 Si: 5% Mn 


Steel, 1% C 


Magnesium 

Mercury 

Nickel, 99% Ni 
97% Ni 

Palladium . 


Silver 


Tin . 


Tungsten 


Temperature. 
° 0 . 


K. 

C.G.S. Units. 


Metals—continued 


Authority. 


Hall, 1898. 
j- Lees. 1908. 

j- J. and D., 1900. 

Meissner, 1915 
Lees, 1908. 

]- J. and I)., 1900. 

Loren/, 1881. 

R. Weber, 1903. 
.Borget, 1900. 
Nottloton, 1913. 
Lees, 1908. 

| J. and :D„ 1900. 

Meissner, 1915. 
j J. and I)., 1900. 

]■ Lees, 1908. 

| J. and D„ 1900. 

Lees, 1908. 
j- J. and I)., 1900, 

Coolidgo. 

S. Weber, 1917. 
Langmuir, 1917. 
Worthing, 1914. 

j Lees, 1908. 

) J. and I)., 1900. 


Aluminium alloys 

1-6 Mg: 2 Ni : 8 Cu : 88-5 A1 . 

1 Mn : 8 Cu : 91 A1 . . 

1 Ni: 8 Cu : 91 A1 . ■ . 

2 Fc : 8 Cu : 90 A1 

Brass, 70 Cu: 30 Zn. 

Bronze, 90 Cu : 10 Sn 

Constantan, 60 Cu: 40 Ni 
German silver or platinoid, 62 Cu : 
15 Ni: 22 Zn 

Lipowitz alloy, 50 Bi: 25 Pb: 14 Sn: 
11 Cd 

Manganin, 84 Cu : 4 Ni: 12 Mn 
Wood’s alloy. 


Griffiths, 1917. 


j Lees, 1908. 
j Griffiths, 1917. 

] J. and 19., 1900. 


Lees, 1908. 


J- J. and D., 1900. 

H. F. Weber, 1879. 
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(b) Berget. —Bergct 1 made use of a guard¬ 
ring method for the purpose of determining 
the conductivity of a number of metals such 
as copper, iron, brass, mercury. The arrange¬ 
ment of the apparatus used for the mercury 
determination is shown in Fig. 15. A cylin¬ 
drical column of mercury was contained in a 
glass tube AB, which was surrounded by an 
annular column of mercury which acted as a 
guard-ring. The surface of the mercury 
columns was heated by steam, and the base of 
the outer column rested in an iron plate C 
which wan cooled by ice. The tube carrying 
the control column of mercury projected 
through the iron plate into a Bunsen ice 
calorimeter as shown. The temperature dis¬ 
tribution was determined by means of four 
Iron wires which projected into the central 
column. Each pair of these wires, with the 
intervening mercury, formed a differential 
ron-mercury couple which gave the difference 
n temperature between the ends of the two 
run wires. The distribution of temperature 
was found to be linear when the steady 
itato has been reached. The ice calorimeter 





Fig. 15. 


gave the quantity of heat passing through 
the column, and thus the conductivity was 
obtained. 

Berget’s value for mercury of 0-0201 is in 
close agreement with recent determinations 
such as that of Nettleton. Having obtained 
1 Jour, tie Vim.. 1888, vii. 503. 


the value for 


y, ho measured the 



Fig. 10. 


mercuio 

conductivity of other metals by comparison. 
A column of mercury was superposed on a 
column of metal, each surrounded by a guard¬ 
ring, and from a comparison of the tempera¬ 
ture gradients the conductivity was deduced. 

(c) Lees .—Lees 2 determined the conductivity 
of a number of pure metals and alloys over 
a range of temperature 
from -180° 0. to 30° 0. 

His apparatus is illus¬ 
trated in Fig. 16. 

11 Avas a rod of metal 7 
or 8 cm. long and about 
0-5 cm. in diameter. The 
lower end fitted into a 
copper disc D, which 
formed the bottom of a 
copper cylinder T dosed, 
at the top. A, B, and 0 
wore throe thin brass 
sleeves, fitting closely to 
the rod with which good 
thermal contact was 
secured by a film of olive 
oil. Of these A and B 
carried platinum coils for 
the measurement of tem¬ 
perature while G carried 
a heating coil of platinoid 
wire. The copper cylin¬ 
der T was placed on a wire frame resting on the 
bottom of the Dewar flask V. Around the 
outside of T was wound a platinoid wire p of 
the same resistance as the heating coil Q> and 
whenever the current was switched off from 0 
it was switched on to p, so that the rate of 
heat supply to the apparatus as a whole 
was constant throughout the experiment. A 
further heating coil 1? wound on T enabled 
the temperature of the apparatus to bo raised 
rapidly if desired. 

The experiments were started at liquid-air 
temperature. The current was switched on 
to 0 until a suitable difference of resistance 
(generally equivalent to about 5° 0.) was 
obtained between A and B. The current was 
then switched on to p, and after five or ton 
minutes the difference in resistance between 
the coils A and B was again measured, as well 
as the actual resistance of the lower one A. 
The difference in temperature between A and, 
B when the heating current flowed round G, less 
the mean difference in temperature (before 
and after) when the ourront was flowing 
through p, gives the difference in temperature 
which would be produced if the heating current 
were continued in 0 and the surrounding tube 
T kept at a constant temperature, i.e. assuming 
the rate of rise of temperature of the apparatus 
was constant which was secured, as explained 
above. 

* Loos, Phil. Trans. Roy. »S 'oc., LOOS, ccvlil. 381. 
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While the general theory of the experiments 
was simple, they are remarkable for the skill 
and care with which Lees explored the various 
sources of error. Thus the sleeves were of 
appreciable length and size, but formulae were 
obtained giving the approximate effect of the 
dimensions of the sleeves and of the small 
difference in temperature between the rod and 
platinum resistance coils on the sleeves. 
Again corrections were worked out for the 
effect of the leads to the heating coil C and the 
platinum coils A and B, while the fact that 
the observations did not apply strictly to the 
steady state of temperature distribution was 
shown to be of small effect. 

Lees’ experiments over the range from 
- 170° to 30° C. confirmed generally the con¬ 
clusions of Jaeger and Diesselhorst—from their 
work between 0° and 100° C.—that the pure 
metals show a slight decrease in conductivity 
with rise of temperature. He did not, how¬ 
ever, find that the maximum conductivity 
always occurred at the lowest temperature. 

The electrical conductivity of the metal 
rods was also measured by Lees, and his 
conclusions as to the relation between thermal 
and electrical conductivity will be referred to 
later (§ (10 i.)). 

(iii.) Electrical Methods. —Several methods 
for measuring the conductivity of a bar of 
metal have been proposed in which heat is 
supplied by passing an electric current through 
the bar itself. If the ends are kept at a con¬ 
stant temperature, there will be established 
throughout the bar a certain distribution of 
temperature, which will depend on the strength 
of the electric current, the electrical and 
thermal conductivity of the material, and the 
heat loss (if any) from the surface of the bar. 

(a) Kohlrausch: Jaeger and Diesselhorst .— 
Kohlrausch 1 took the case where all heat loss 
from the surface of the bar was prevented. 
Calling 

K=thermal conductivity, 

X = electrical conductivity, 

0 = temperature at any point, 
v= electrical potential at any point, 

he obtained the following solution of the 
differential equations for thermal and electrical 
equilibrium : 

9 — 1^-u 2 + Av + A', 

where A and A' are constants. Hence, by 
determining the temperatures and potentials 
at three points, A and A' can be eliminated, 
and we get 

~ v a) + flifos ~ v i) + °a( v i ~ «g ) 

2K K-«2)(«2“ l, 3)(^3~%) 
Kohlrausch also showed that if the conductor 
is of any shape, and is thermally and electrically 

1 Preuss. AJcad. IFiss. Berlin, 1890, xxxviii. 711. 
Ahh. Phys. Tech. Reich., 1900, iii. 209. 


insulated except for the two areas through 
which the current is supplied and through 
which heat is abstracted, the same solution 
holds. Hence, if holes are drilled in a bar for 
the purpose of inserting thermometers, the 
method will still be exact, provided that the 
temperatures and potentials arc measured at 
the same points. 

Jaeger and Diesselhorst carried out Kolil- 
rausch’s method into practice. They took 
cylindrical bars of metal, 25 cm. long and 
generally about 2 cm. in diameter, with their 
ends fitted into copper blocks, which were 
screwed into large water-baths. The bar was 
surrounded by a cylindrical jacket, kept at a 
constant temperature by water or steam circu¬ 
lating outside it, the space between the bar 
and the jacket filled with wadding. There 
was, of course, a certain amount of heat loss 
through the wadding, which was estimated 
by varying the temperature of the jacket 
surrounding the bar. For the discussion of 
this and other corrections, reference must he 
made to the original paper. The temperatures 
were measured by thermocouples. 

The determination of the temperatures and 
potentials at three points gives the ratio of 
the thermal and electrical conductivities, and 
the latter constant being easily determined, 
the thermal conductivity was obtained. 

Jaeger and Diesselhorst earned out a very 
extensive investigation on a number of .pure 
metals and a few alloys for temperatures 
between 18° and 100° 6. They found that 
pure metals, with one or two exceptions, 
showed a slight decrease of conductivity with 
increasing temperature, and that they obeyed 
approximately Lorenz’s law—that the ratio 
of the thermal and electrical conductivities 
divided by the absolute temperature is a 
constant. Lorenz’s constant showed a slight 
positive temperature coefficient. 

Their work represents a most important 
contribution on the subject of conductivities, 
and their values have been amply confirmed 
by subsequent observers. 

The method of Jaeger and Diesselhorst 
lias been used by Meissner 15 for measuring 
conductivities down to a temperature of 20° 
abs. His work confirmed generally the values 
of Lees, but he found that both the resistivity 
(1/K) and Lorenz’s constant decreased rapidly 
as the temperature of liquid hydrogen was 
approached, showing a reduction at 20" abs. 
of about 85 per cent on the value at t) rt 0. 

(b) Gallendar. —Oallcndar® has also devised 
a method of determining the conductivity of a 
rod of metal which is heated by the passage 
of an electric current, The ends of the rod 
are kept at constant temperature by insertion 
into water-cooled copper blocks. The rod is 

2 Deutsch. Phys. Gesdl. Verb., 1914, xvl. 2(12. 

0 Encycl. Brit, llth Ed. “Conduction of Heat," 
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also surrounded by a jacket at the same 
temperature, which is taken as the zero of 
reference. If R 0 is the resistance per unit 
length of the rod at the zero temperature, a 
is its temperature coefficient, their the resist¬ 
ance of a small element of the rod at a distance 
as from the centre is 


1« 0 (1 + aO)d.v. 

The heat generated in this element by the 
passage of a current 0 is 

O 2 B 0 (l +aO)(lx. 

As there is a gradient of temperature from 
the centre of this rod to the ends, heat will 
pass through the element dx by conduction, 
and the excess of heat entering the element by 
conduction over that leaving it will he 

*. \ d 0 , 

Lx A , « dx, 
dx- 


1C being tiro conductivity and A the area of 
the aroHW-soction of the har. When the steady 
state has been reached, this excess of heat 
will bo balanced by the beat loss duo to 
radiation and convection from the surface 
of the element, less the heat generated in the 
element by the passage of the current. By 
Newton’s law the former quantity will be 
KpOdx, E being the surface- emissivity and p 
the peri motor of a cross-section of the rod. 
Equating those quantities we get 1 

C"K 0 (l + a(f) ^tf-KA^. 

The current 0 is so adjusted that C a R„a = Ep, 
».<?. that the loss of heat from the surface of 
the rod is compensated at all points by the 
increase of resistance with rise of temperature. 
The equation then reduces to 


dH) 

dx~ 


cm a 

' KA 


--constant. 


Ho that, 21 being the length of the rod, 


0 


O 2 R 0 

2KA 


(Z 2 ~;r 2 ). 


This gives the temperature at all points of the 
rod, and it can bo shown that the mean 
temperature is (J a Il tt 9 l! 9 /3KA. Hence, if R w 
is the mean resistance per unit length, wo get 

cm a i\ 

3A(R m — R n )' 

The distribution of temperature is always 
nearly parabolic, if the dimensions of the rod 
are suitably chosen. It is not therefore 
necessary to set the current to the value 
Ep/R f) a very accurately, as the correction for 
external loss is small in any case. The chief 
source of error is in the measurement of the 


1 The heat developed by tins Thomson -effect is 
very small and is eliminated by keeping the two ends 
at flic sumo temperature. 


small change of resistance accurately, and of 
avoiding stray thermo-electric effects. 

Duncan, 2 using this method, found the 
conductivity of copper at 33° C. to be 1-007, 
which is about 8 per cent higher than that 
obtained by Jaeger and Diesselhorst. 

(c) Mendenhall and Angell .—Another example 
of an electrical method is that suggested by 
Mendenhall, and described in a paper by 
Angell, 3 for measuring the conductivity of 
metals at high temperatures. 

If a cylindrical rod is connected at its ends 
to two heavy electrodes and heated by a con¬ 
stant current, there will be a rising temperature 
gradient from the ends towards the middle 
of the rod. This longitudinal gradient will 
decrease as the middle is approached, and for 
an appreciable distance on each side of the 
centre will be negligible. There will be no 
tendency, therefore, for the heat generated in 
this portion of the rod to flow towards the ends. 
The temperature gradients will be radial, and 
the heat will flow radially and be dissipated 
at the surface. Consider now a length of rod 
l within the central zone. Let r he the radius, 
E the fall of the potential per centimetre, I 
the current density (which is assumed uniform 
over the cross-section), 0 2 and 6 1 the tempera¬ 
tures at the axis and circumference respectively. 

Then, since the heat generated within any 
cylindrical surface of radius r passes radially 
to the surface, we have 


ttUIEZ 
Integrating we get 
K = 


-27rrZK 


ELq 2 

4(0 2 -0 x )- 


dd 

dr 


The above formula depends on the assumption 
that the current density is uniform over the 
cross-section. This is not strictly the case, 
since there is a temperature gradient from the 
axis to the circumference which gives rise 
to a variation of resistivity. Angell shows, 
however, that for metal rods of less than 2 
cm. in diameter the effect of the variation 
is .negligib)' ^ the actual experiments a 

hollow eylh’ ^ use d, and the formula in 
this ease is 


K: 


El 


2(0 a - 






By measuring the dimensions of the cylinder, 
the values of E and I, and the temperatures 
of the inner and outer surfaces, the value of 
K was obtained. 

The apparatus used is illustrated in Fig. 17. 
The metallic rod was 1-2 cm. in diameter and 
about 15 cm. long. An inner hole was bored 
through the rod 0-17 cm. in diameter 1 , and 
this was enlarged, as shown in the figure, 
except for the central length of 3 cm. The 

a McGill Coll. Report, 1899. 

3 Phi/s. Rev., 1911, xxxiii. 421. 
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resistance on each side of the central portion 
being thus increased, the heat generated 
towards the ends was greater and the poi'tion 
of the rod with no longitudinal gradient was 
increased. Thus at 1000° C. the variation in 
temperature over 1 cm. length in the centre 
was less than 01 per cent. 

The temperature inside the rod was measured 
by a fine platinum, platinum-rhodium couple 
with a junction at the centre. The measure¬ 
ment of the surface temperature presented 
great difficulties. A. fine thermo-junction was 



FIG. 17. 

rolled out to a thickness of -01 mm., and the 
wires were attached to two springs 8 as shown. 
By rotating in opposite directions the rings 
to which the springs were attached, the con¬ 
necting wires assumed a diagonal position 
relative to the rod, and brought the junction 
in contact with the surface, which was highly 
polished. In order to get a uniformly radiating 
surface at the junction, a small piece of the 
rod material was rolled to a thickness of 0-01 
mm., placed over the junction, and held in 
position by a weighted quartz fibre. The 
rod and connections were surrounded by a 
water-cooled enclosure, which could be ex¬ 
hausted. 

For energy supply a weldF 0 ’, transformer 
was used, capable of furnishing 1700 amps 
alternating at a voltage of 2J. The energy 
was determined by measuring the current and 
making a separate experiment to determine 
the resistance of the central centimetre of the 
rod. For this purpose the rod was turned 
down to a small diameter and the volt drop 
measured on the central centimetre for a 
known current. The resistance of the original 
rod at various temperatures could thus be 
calculated. 

Angell used the above apparatus to deter¬ 
mine the conductivity of aluminium and nickel. 
He found that the former increased in con¬ 
ductivity from 0-49 at 100° C. to TO at 600° 0., 
while nickel decreased in conductivity from 


0-125 at 300° C. to 0-07 at the critical tempera¬ 
ture of 700° C. Between 700° and 1200° the 
conductivity decreases slowly to a value O-Oli. 

The method is an interesting attempt to 
measure conductivity at high temperatures. 
Its success depends entirely on the accuracy 
with which the small gradient of temperature 
between the axis and surface of-the rod can 
be measured. This must he considered as a 
drawback, having regard to the experimental 
difficulties in measuring the surface tempera¬ 
ture. Further, it is not clear that the longi¬ 
tudinal gradientin the central 
portion of the rod, though 
very small, was negligible 
compared with tlie radial 
gradient. 

(d) Worthing, Langmuir ,— 
Somewhat resembling the 
two methods described im¬ 
mediately above is that due 
to Worthing 1 for determin¬ 
ing the conductivity of lamp 
filaments to a temperature 
of 2100° H 

If w is the rate of heat 
production, and ill the rate 
of radiation per unit area, at 
any point on the filament, 
the maximum values being 
w m and E„, at the middle 
of the filament, and if l is the distance 
measured along the filament, the total length 
of which is 2L, then he derives the expression 


It = 


_2Em_ 

z r[d¥jdl) 


/ w 
i U’rn 


E 
" Em 


ill. 


The full details of the experiments cannot he 
given here, hut they resolved themselves into 
determining E as a function of T and of l, 
and w as, a function of l Worthing found, 
for example, that E~<rT^, whore ft-- 5-35. 

His conclusion as to the conductivity of 
tungsten was that it varied from -234- G.G.S. 
units at 1200° to -342 at 2100° 0. Tantalum 
showed a change from -174 at 1400° 0. to 
0-198 at 1800° 0., while carbon gave values 
of -0201 and -0210 at the two temperatures 
just named. 

Langmuir 8 also considered the question 
of conductivity of tungsten at high tempera¬ 
tures. His value for ft was 4-9(1, and ho states 
that the resistance can be expressed as 

H-.cTP, 

where p = 1-242. On the basis of theso experi¬ 
mental faets, he deduces from Worthing’s 
data that the conductivity of tungsten is 
nearly independent of temperature and has 
a value of -273 at 2100° 0., as against -342 

1 Plm. Rev., 11)14., lv. 535. 

2 Ibid., 1010, vii. 151. 
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found by Worthing. He also contends that 
the value of Lorenz’s constant is of the order 
that would be expected from Jaeger and 
Diesselhorst’s value at 18° C., and the 
temperature coefficient which they found 
between 18“ C. and 100° C. This was con¬ 
trary to the very large change in the constant 
winch Worthing found over the range 1200° 0.- 
2200° C. 

(iv.) Indirect Methods .—In the case of metals 
it is often convenient to determine the 
conductivity by comparison with some other 
metal whose conductivity is known. 

(a) Wiedemann and Franz .—As an example, 
the method of Wiedemann and Franz 1 may be 
quoted. These experimenters took a bar of 
metal, one end of which was maintained at a 
constant temperature, and which was sub¬ 
mitted along its length to the effect of cooling 
by radiation and convection inside a constant 
temperature enclosure. When the steady flow 
of heat had been established, the temperatures 
at three points at equal distances apart were 
measured. 

The temperature distribution along a bar 
under the conditions indicated is given by 
(of. equation in § (5) (iii.) (b)) 

KA^ = E \p0 

If now the temperatures % and 0 a are 
measured at three equally spaced points at a 
distance a apart, it can be shown that 

=logo + ~ 1 


So that if we take two bars of different 
materials, but with the same .cross-section A, 
the same perimeter p, and the same coefficient 
of heat loss E, and determine the temperatures 
in each case at three equally spaced points at 
the same distances apart, wo get the ratio 
of conductivities from the following equation 

! K log ( n' + n ! 2 — ]) 

^ log (n -I- 1) 

The rods used by 'Wiedemann and Franz wore 
half a metro long and 0 mm. in diameter, 
and in order to secure the same surface 
omisBivity for all the rods, they were electro¬ 
plated. One end of the rod. was heated by 
steam and the remainder was surrounded by 
a water-cooled enclosure which could bo 
exhausted if required. The temperatures at 
three equidistant points were measured by 
means of a sliding thermocouple. 

Wiedemann and Franz drew up a table of 
relative conductivities of a number of metals. 
The experiments represented a considerable 

1 Ann. de Chimie,, 1854, xli. 107. 


advance at the time they were carried out 
(nearly seventy years ago), but some of their 
results must now be regarded as obsolete, 
the probable ’ cause being the presence of 
impurities in their specimens. 

There is also the point, to which Peclet 
drew attention as long ago as 1860, that the 
assumption of Newton’s law of cooling, 
which only holds approximately for small 
differences of temperature, must introduce 
considerable error. 

(i b ) Voigt. —Another method of comparing 
the conductivities of two metals is that due 
to Voigt. 2 He took thin plates of the two 
materials cut in the form of right-angled 
triangles, and placed them in contact 
along their hypotenuses. The lengths of 
the sides a and b {Fig. 18) are chosen so as 
to be approximately in proper- ^ 

tion of the conductivities of the it- 

plates. Heat is then applied by \ 
means of a copper bar at 70° to \ 

60° C. along the short side b of a a 

the good conductor or the long 
side a of the bad conductor. The 
whole surface of the composite b 
plate was coated with a layer of • ] g_ 

elaidio acid to which wax and 
turpentine arc added. The acid melts at 46° 0. 
and solidifies in crystals yielding a well-defined 
isothermal curve. The ratio of the conduc¬ 
tivities is derived from measurements of the 
angles which the isothermal makes with the 
common hypotenuse, being in the proportion 
of the tangents of the angles. The limit of 
accuracy of which, the method is capable is 
about 2 per cent. 

Rietzseh 8 used this method for measuring 
the conductivity of copper containing varying 
amounts of phosphorus and arsenic. It has 
also boon used for glasses. 0 

(v.) Periodic Flow Methods, {a) Angstrom. — 
The method 4 is of interest in that it differs 
in principle from those previously described 
which have all been concerned with, tiro 
steady state of heat How. In this ease tho 
conductivity was deduced from observation of 
the periodic, flow of heat in a long bar. 

If we consider any thin cross-section of a 
rod the temperature of which is changing, tho 
difference between the heat flowing into and 
out of this section, must be equal to the heat 
lost from the surface of tho section plus the 
heat required to raise the temperature of the 
section itself. So that we have (of. § (5) 
(iii.) ( b ) 

KAg-I^ + AC^. 

If tho rod is surrounded by a guard-ring 
which prevents heat loss from the surface, 

a Annal, Pki/H. Chem., 1898, Ixiv. 95. 

» Ann. der Phys., 1900, iv. (3) 403. 

1 Phil. Mag., 1803, xxv. 130. 
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the first terra on the right-hand side vanishes 
and the equation becomes 

1 dx' 1 dt’ 

where h 3 is the diffusivity or the conductivity 
K divided by the heat capacity per unit 
volume C. , 

. Now, supposing that a simple harmonic 
oscillation of temperature is impressed on 
one end of the bar, it can be shown from the 
above equation that 

" ”47tT’ 

where T is the periodic time and X. the 
wave-length of the temperature oscillations. 
It follows also that the amplitude of the 
temperature oscillations at any point at a 
distance x from the source is proportional 
to The amplitudes thus decrease 

• as we recede from the hot end and likewise 
the mean temperature. The tempera¬ 
ture distribution at any instant is. of 
the form shown in Fig. 19, in which 
the dotted line repre¬ 
sents the mean tem¬ 
peratures. 

It is obvious if wo 
determine the coin- 



Fra. 19. 

plete temperature distribution the wave-length 
X can be measured, and thus the diffusivity. 
From the latter the conductivity may bo 
obtained, if the heat capacity per unit volume 
is known. 

It is, however, sometimes convenient to 
deduce the conductivity from temperature—- 
time observations at two points. The general 
solution of either of the equations above for 
a simple harmonic oscillation is of the form 
(2t 
T 

The values of A and 3 can be determined 
experimentally for the two points, and it can 
be shown that if l is their distance apart 

7 i 7r ^ a 

A ‘“T(3-7rj fog A/A'" 

If the temperature oscillations are periodic hut 
are not simple harmonic vibrations, they can 
be resolved into a number of terms of the form 
0 = A 0 + A x sin (tat -1- 5J -I- A 2 sin (Scat -1- 3.,) 

+ A 3 sin (3 mH-5 3 ) + . . . 


0 = A sin 




Again, taking two points, each pair of t he 
terms of the above expression leads to an 
independent value of /**, 

„ ___ mrl~ ___ 

h ~ ' f(3; - <V) log An/A,/' 

In practice these scries may be limited to 
the first throe or four terms as the ooellkdcnlu 
A„, A t , A 2 , etc., rapidly diminish. 

In Angstrom's experiments a small section 
of a bar was enclosed and was submitted 
alternately to heating and cooling by steam 
and cold water respectively. The periods of 
heating and cooling wore 12 minutes on,oh, 
and when they bad been eon tin tied for Homo 
time, the temperatures at each point of the ba r 
became steadily periodic. Mercury thermo¬ 
meters were let into the bar at intervals of 
5 cm. for temperature readings. 

Angstrom used for bis lirst expcvinumls 
bars "f>7 cm. long and of 2*4 cm, square 
section, while for some subsequent experiments 
he used a bar 118 cm. long and 3*5 mil. 
thick. His values for the conductivity of 
copper and iron at 00“ V. wore 


■".““. 

First 

Second j 


Experiments. 

Experiments. 

Copper. 

•1)10 

•1)82 (1 -(MK)ln2W) 

Iron . . 

•Kill 

■UK) (1.O-OO2M0) 1 


The values obtained in the second experi¬ 
ments are much higher than those now 
accepted. The negative sign of the coefficient- 
is confirmed by the work of Jaeger and 
Diesselhurst and of bees though the magni¬ 
tudes are different, 

Oallondar 1 has applied Angstrom's method 
to the apparatfiH illustrated in Fvj. 14. Il«> 
varied the pressure of the steam in the beater 
so as to produce approximately simple har¬ 
monic oscillations, using periods of (10,00. and 
120 minutes. Callemlur found a, value for 
east iron at 04° 11. of Odbtl (1 04)00000), 
which is in close agreement 'with modern 
values obtained by other methods. 

There is no doubt that Angstrom's method 
gives satisfactory results if due precauthmn 
are taken. It involves, however, the I nk toy 
of large numbers of oliservaiiionM and their 
analysis may be very laborious. 

(b) King .—A method resembling that of 
Angstrom, is due to King. 8 His apparatus in 
shown diagram inutioally in Fit/. 20. A in n 
wire whose conductivity is to be determined 
and which is 2-5 mm. in diameter and about 
40 cm. long. One end of the wire project* 
into a heating coil II through which flown n 
periodic current following a sine law. At 

» mm. Brit., 11th edition, “ CJomhictlon of Heat,’* 

“ Phm. Iter., H)ir>, vb 4!S7, 


whore w = it IT. 
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two points of the wire are attached the 
thermocouples T, T, each connected to a short 
period galvanometer. In each thermocouple 
circuit is a counter E.M.P. which can be 


adjusted to balance the thermocouple E.M.F. 

at its mean value. The lag between 
the movements of the two galvano- 



100 Volts 


Fig. 20. 


meters gives the velocity of propagation of the 
waves. If experiments are made with the 
waves of two periods < x and t„ and the velo¬ 
cities are found to be v t and v 2 , then it can 
be shown that the diffusivity h- is given by 

7 , e - Ji*a«i«a / W ~V*W 

47r V 4 2 w 2 3 - i 1 2 r 1 2 ‘ 

King carried out experiments with waves 
of periods of 2 minutes and 5 minutes 
respectively,- and he found values for the 
conductivity of copper and tin which are in 
close agreement with those of Jaeger and 
Diesselhorst. 

§ (0) Solids: Crystalline and Aleo- 
tropio. —In considering the various classes of 
solids which, have been referred to above, it has 
been assumed that they have been symmetrical 
as regards the conductivity of heat. Some 
substances, however, owing to peculiarities of 
structure, give different values of conductivity 
in different directions. Thus Tyndall 1 found 
that, in the case of wood, the conductivity 
was highest along the fibre and lowest in the 
direction perpendicular to the fibre and the 
ligneous layers. As giving some idea of the 
magnitude of the difference some of his values 
are quoted in the following table. The figures 
are only comparative: 


Name 
ol'Wood. 

Parallel 

to 

Fibro, 

Perpendicular 
to .Fibre 
and Parallel 
to LignoouH 
Layers. 

Perpendicular 
to Fibro and 
Ligneous 
Layers. 

Oak 

34 

11-0 

9-5 

Bccoli . 

33 

10-8 

8-8 

Boxwood . 

31 

12-0 

9-9 

Ash . . 

27 

11-5 

9-5 

Apple-tree 

2(3 

12-5 

1(H) 

Scotch fir . 

22 

12-0 

10*0 


Similarly in the case of laminated rocks, 
such as slates and schists, Jannattaz 2 has 
shown that the conductivity is highest parallel 
to the cleavage. 

Whore such substances can he obtained in 

1 Phil. Mug. 4th series, v. and vi. 
a Journ. de Phys. v. 150. 


sufficient hulk their conductivities can be 
determined by one of the methods already 
described. In the case of small objects, 
however, such as crystals, which often show 
a marked asymmetry of heat flow, different 
methods have to be adopted. 

(i.) Be Senarmont .—The first to make a 
comprehensive study of crystalline conduction 
was de Senarmont. 8 His method consisted in 
coating a thin plate cut from a crystal with 
a film of white wax and applying heat at a 
point, near the centre. As the plate becomes 
warm the wax melted round the point and the 
inequalities in conduction in different direc¬ 
tions were indicated by the shape of the 
hounding line of melted wax. The curve in 
the case of an isotropic substance, such as 
glass or crystals of the cubic system, was 
always circular. In the rhombohedral system, 
with, one axis of symmetry, the* plates cut 
perpendicular to the axis gave circles while 
any section parallel to the axis gave an 
ellipse. This is illustrated in Fig. 21, which 
gives thecurves 
for a quartz 
crystal cut per¬ 
pendicular and 
parallel to the Fig. 21. 

main axis. Here 

the isothermal surface due to a point source 
in the crystal would be an ellipsoid of re¬ 
volution about the main axis. The rule was 
found to be general that the thermic and 
crystallographic axes coincided. 

In de Senarmont’s experiments the heat 
was supplied by a wire or tube fitting a hole 
bored in the plate of crystal, or the sun’s rays 
were concentrated on a point by means of a 
lens. The values obtained wore comparative, 
a circle indicating that the conductivity was 
the same in all directions, while for an ellipse 
it could ho shown that conductivities along 
the axes were proportional to the square of 
their lengths. 

(ii.) Lem .—A method of determining the 
absolute values of thermal conductivities of 
crystals was suggested by Lodge '■ and carried 
out by Lees. 5 A thin slice of the crystal was 
placed in contact with the ends of two bars of 
metal with their lengths in the same straight 
line, thus forming a composite bar. .Brass was 
chosen because it readily amalgamates with 
mercury, and the amalgamated surfaces wore 
found to give extremely good thermal contact 
with the crystal. The bar was packed in 
sawdust, and one end was heated by steam 
and the other immersed in cold water. The 
temperature distribution was obtained by a 
series of thermocouples attached to the bar, 
and from this the temperatures of the two 

3 Ann. de Chim. et de Phys., 1847-48, xxi.-xxiii. 

4 Phil. Mag., 1878, v. 110, 

* Phil. Trans., 1892, elxxxiii. 481. 
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faces of the crystal plate could be deduced 
after making a small correction for the layer 
of mercury as determined in a separate 
experiment. The amount of heat passing 
along the bar and through the crystal was 
calculated from a knowledge of the absolute 
conductivity of the brass, which was obtained 
by am improved Forbes method. 

Lees found that for quartz the conductivity 
parallel to the optic axis was 0-0299 and 
perpendicular to the axis 0-0158. 

§ (7) Liquids (K-0-0003 to 0-0015).--The 
problem of determining the conductivity of 
a liquid is complicated by the ease with 
which convection currents are set up in any 
mass of fluid with a temperature gradient 
through it. Thus if the liquid at any point 
is at a higher temperature than the surrounding 
liquid, it will have a lower density, owing to 
its expansion with temperature, and will, if 
below the surface, tend to rise. Should the 
temperature difference be maintained at the 
particular point, a continuous current will be 
established. The laws governing such convec¬ 
tion currents are very complicated, and the 
heat conveyed by them is often large as 
compared with the amount passing through 
the liquid by pure conduction or diffusion. 
In attempting, therefore, to determine the 
conductivity of the liquid the plan is commonly 
adopted of eliminating convection. This may 
be accomplished by taking a column of 
liquid, supplying h'eat at a horizontal surface 
at the top of the liquid, and abstracting heat 
at a horizontal surface at the bottom of the 
liquid; or by taking a film of liquid so thin 
that, independent of its orientation, the 
transfer of heat by convection is negligible. 
An alternative method is to regulate the 
heat loss by convection so that it takes place 
under well-defined and measurable conditions. 
Thus, when a liquid is made to flow with 
streamline motion through a heated tube, 
a relation can be established between the heat 
carried off by this forced convection, and the 
temperature gradients and conductivity in 
the liquid. Examples of methods applying 
these principles are described below. 

(i.) Column Method, (a) Berget .—The ap¬ 
paratus used by Berget for. determining the 
conductivity of a column of mercury sur¬ 
rounded by a guard-ring has already been 
described in § (5) (ii.) (b). It will be noted 
that the heat is here supplied at the top of 
the liquid, and flows down through the liquid 
to the bottom, which is cooled. 

( b ) R. Weber 1 has used a similar method, 
supplying the heat to the top of a column of 
liquid from a vessel kept at a certain tempera¬ 
ture by oil electrically heated, while the 
bottom of the column was cooled by a hori¬ 
zontal copper plate standing in ice. The 
1 Ann, der Phys., 1903, xi. 1047. 


temperature difference was taken at two points, 

1 cm. apart, by means of ooppor-oonstantiui 
couples. His values are included in Table IV. 

(c) Chree 2 experimented with liquids heated 
on the surface, and determined the, dilTusivity 
by observations of the variable state. Ho 
took a cylindrical container 19 cm. in diameter 
into which liquid was poured to a depth of 
5-2 cm. A flat-bottomed dish, 15 tun. in 
diameter, rested on the surface of the liquid, 
while a fine platinum wire 0-Cyom. long was 
adjusted in a horizontal position 2-0 cm. 
below the surface. This wire, to which were 
attached copper leads, served as a resistance 
thermometer. Hot water was poured into 
the dish, and the rate at which the heat passed 
through the dish into the liquid below could 
be obtained from observations of the fall in 
temperature of the water in the dish after 
making a correction, obtained by an inde¬ 
pendent experiment, of the heat lost from 
the surface of the water. The temperature 
of the water was initially about 75° 0., and 
immediately after it had been poured into the 
dish, a temperature rise was indicated by the 
platinum thermometer, which then remained 
stationary for several minutes, After this 
period the thermometer began to risty rapidly, 
and continued to rise at a decreasing rate 
towards its maximum, which was not readied 
for several hours. Chree took temperature 
time observations, and obtained the point 
at which the temperature rise was at a 
maximum rate, generally about ten minutes 
after the start. 

Theory shows that if it were possible 
suddenly to apply a quantity of heat to the 
surface of the liquid, the time of maximum 
rise would bo given by 

f«0-0917®^, 

x being the distance of tho point below the 
surface, and p, c, and K being the density, 
specific heat, and conductivity of the liquid. 
The conditions of tho actual experiments wore 
different in that the bout was applied at a 
decreasing rate for an appreciable time, and 
Chree gives tho mathematical expressions 
applicable to this case. It is interesting to 
note that in some experiments tho water 
was allowed to remain in the dish for the 
duration of the experiment, while in ■others 
it was syphoned off shortly after pouring into 
the dish. Tho results obtained give a very 
fair agreement, and confirm tho correctness 
of Chree’s formula. 

Tho value for the conductivity of water in 
supported by tho more recent determinations 
by other methods. 

(ii.) Film Method. — (a) Lees s measured tin; 

a Pm. Roy. Sac., 1888, xllil. 30. 

* Phil. Trans. Roy. Soo., 1898, cxei. 418, 
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conductivity of thin films of liquid about T2 
mm. in thickness. His apparatus was a modi¬ 
fication of that already described for deter¬ 
mining the conductivity of poor conductors. 
To the series of discs used in his former ex¬ 
periments, which were 4 cm, in diameter, was 
attached an ebonite ring E and another copper 
disc L both 7 cm. in diameter (see Fig. 22). 
The internal diameter of the ebonite ring was 
3-7 cm. or slightly smaller than that of the 
superimposed 'discs. The ebonite served as 
a container for the liquid which filled the 
space between the copper discs M and L. 
The disc G was of glass 0-28 cm. thick, and its 
conductivity was determined as previously 
described. 'Knowing then the temperature 
difference between TJ and M and the conduc¬ 
tivity of G, the heat entering M was known. 


Subtracting from this amount the heat loss 
from the exposed surface of M, wo get the 



total of the heat passing through the liquid 
and through the ebonite. The flow in the 
latter was not rectilinear, and an independent 


Table IV 
Liquids 


Substance. 


Temperature. 

K x Iff. 

"C. 

C.G.S. Units. 


Authority. 


Water and Aqueous Solutions 


Water 


Ammonia solution, 2G per cent 
Oopppr sulphate (s.g. 1-160) 
Potassium chloride (s.g. 1-026) 
Sodium chloride (s.g. 1-178) . 
Sulphuric acid (s.g, 1-054) 

Zinc sulphate (s.g. 1*134) 


Methyl alcohol (0II 4 O) 

Ethyl, alcohol (O 2 H 0 O) 

Amyl alcohol (0 5 I1 12 0) 
Formic noid (01-1 2 0 2 ) 

Acetic acid (C 2 H 4 0 2 ) 

Butyric aeid (0 4 H 8 0 2 ) 
Chloroform (01IC1 3 ). 
Benzene (CoHo). 

Toluene (C 7 II 8 ) 

Turpentine oil (0 10 H ia ) 
Olivo oil (s.g. 0-911) 

Carbon bisulphide (CS 2 ) 

Glycerin (s.g. 1-235) 
Paraffin oil (s.g. -870) 
Petroleum oil (s.g. -789) 


0 

12-0 

24 

14-3 • 

18 

12-4 

4 

12-9 

11 

14-7 

25 

■ 13-0 

15-34 

13-14 

0 

15-0 

18 

10-9 

4 

11-8 

13 

11-6 

4 

11-5 

20 

12-6 

4 

U-8 


H. F. Welter, 1880. 

three, 1888. 
Waohsmuth, 1893. 


j Lees, 1898. 

It. Welter, 1903. 
Goldschmidt, 1911. 
'Lees, 1898. 

H. F. Weber, 1880. 
Grant/., 1885. 

H. F. Weber, 1880. 
three, 1888. 

H. F. Welter, 1880. 


Organic Liquids 


f 

11 

5-2 

1 

' • • l 

( 

47 

11 

4-45 

4-6 

V Lees, 1808, 

J 

51 

3-09 

) 

l 

0 

445 

Goldschmidt, 1011, 


0 

3-45 

,, 


9-15 

0-48 

H. F. Wobor, 1880. 

f 

9-15 

4-72 



25 

4-3 

Lees, 1898. 

9-15 

3-00 

) 


6 

3-02 

- H. F. Welter, 1886. 


fl 

3-33 

J 

f 

9-15 

3-07 

It. F. Welter, 1880. 

■ ‘ \ 

14-5 

3-42 

Goldschmidt, 1911. 

13 

3-25 

Graotz, 1886. 


6-0 

3-92 

H. F. Weber, .1886. 


15 

5-37 

Clireo, 1888. 

. . . \ 

10-18 

2-00 

Winkelmann, 1874. 

1 

t) 

3-88 

Goldschmidt, 1911. 


15-34 

6-56 

) 


15-34 

3-46 

V R. Webor, 1903. 

). .. , 

16*34 

1 

3-82 

i 
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experiment was made to determine it having 
air instead of liquid between M and L. The 
heat flowing through the liquid was then 
obtained, and this with the difference in 
temperature between M and L gave the 
conductivity of the liquid. 

The film of liquid was horizontal in the 
experiments, and the heating was from the 
top surface so that convection was eliminated. 
It is interesting to note that when the 
apparatus was tilted through 15° the apparent 
conductivity only increased I per cent. 

Lees determined the conductivity of water, 
glycerine, ethyl alcohol, and methyl alcohol, 
and his values are in close agreement with 
those of Weber, 

Lees also investigated the conductivity of 
mixtures of water with varying amounts of 
glycerine, methyl alcohol, ethyl alcohol, acetic 
acid, sugar, and attempted to connect the 
conductivity of the mixture with that of the 
constituents. Plotting percentage composition 
by weight against conductivity he found that 
no general law could be deduced. If, however, 
percentages of volume were taken, similar 
curves were obtained which gave a conductivity 
somewhat less than that given by a linear 

formula. rr „ 

Kp q + Iv 2 ?; g 

K = iq q y„ 

The value was also greater than that calculated 
assuming a linear formula of resistivity (i.e. 
reciprocal of conductivity). The latter for¬ 
mula is, however, closer to the experimental 
results than that based on a linear law of 
conductivity. Lees then obtained a closer 
approximation for the resistivity formula 
based on the probable distribution of the 
molecules of the two substances. From tire 
agreement with experiment he deduces that 
the thermal conductivity of a substance is 
not greatly modified when it enters as one 
constituent into a physical mixture, and that 
the conductivity of the mixture depends 
directly on the amounts and conductivities 
of its constituents. He also experimented 
with mixtures of lard with varying amounts 
of finely divided iron, marble, zinc sulphate, 
and sugar, and found that the same 
conclusions held. 

Lees made further use of the apparatus 
described above to investigate any change of 
conductivity cm melting. He found that in 
the cases of the substances naphthylamine, 
paratoluidene, and sodium hydrogen phosphate 
(Na 2 HPO.i + I2IL0) there was no discontin¬ 
uity at the melting-point, and that the con¬ 
ductivity decreased with rise of temperature 
both in the solid and liquid state. A decrease 
of 20 per cent in conductivity was found in the 
case of calcium chloride (CaCL + 6H 2 0) at the 
melting-point, but owing to'its affinity for 
water the results were not so reliable as for 


the other substances. It is interesting to 
note that Barus 1 found a decrease of 15 per 
cent in the case of thymol at the melting-point 
(12-5° G). 

( b ) Goldschmidt 2 adapted the “ hot-wire ” 
method as used for gases (see § (8) (ii.) below). 
The liquid was contained in a tube only 2 mm. 
in diameter, and it is stated that convention 
was eliminated. 

(iii.) Flow Methods. — 1 The first observer to 
use a flow method for measuring tlie conduc¬ 
tivity of a liquid appears to have been Grant/., 3 
but his method is not described here, as those 
of Callendar and of Nettleton seem to bo pre¬ 
ferable. 

(a) Callendar A—Consider a long metal tube 
heated electrically and with a continuous 
stream of liquid passing through it. Let K 
be the conductivity of the liquid, o the specific 
heat per unit volume, v the velocity, and 0 
the temperature at a distance r from the axis 
of the tube, and let x be the distance measured 
along the tube. Then, assuming that the 
flow of the liquid is linear and neglecting 
the minute effect of longitudinal conduction, 
it is obvious that the heat carried off by the 
liquid flowing through any thin ring in a cross*- 
section of the tube will be equal to the differ¬ 
ence between the beat passing into and out of 
the ring by conduction. This gives the equation 



The solution of this equation will bo much 
simplified if wo can assume that the longi¬ 
tudinal gradient dtijdx is constant over; the 
cross-section of the tube at any point and is 
equal to O'jl, where O' is the rise of temperature 
observed, in a length l. This will not be true 
near the inflow end of the tube, where the radial 
distribution of temperature is rapidly changing, 
but it will very fairly represent the limiting 
state, which is attained, when the liquid has 
flowed along the tube for some distance. 

Further, the quantity v in the equate m above 
is a function of r and of the viscosity which 
can be taken as constant for the small tempera¬ 
ture changes met with in the experiment. 
The velocity at any point is then given by 


«=2V 



where V is the mean velocity, Q the flow in 
c.e. per second, and r 0 the internal radius of 
tlie tube. 

Substituting and integrating from the tem¬ 
perature 0 o of the surface of the tube, we find 


Q 0 f f r 2 
2rfK 14r 0 4 ro¬ 


il}. 


2 

a 


,m. Journ. (3), 1802, xliv. 1. 

Phl/s. Zntsch ., 1011, Xii. 417. 

Wied. Ann., 1883, xviii. 70. 

Phil. Trans. Roy. Soe., 1902, exeix. 110. 
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This temperature ft, at. the axis of the tube 
whore r is given by 


0,-01 = 


3 OP' 
S7 rlK 


The mean temperature ft m of the flow, allowing 
for variation of velocity over the cross-section, 
is given by 

0 o — ft, 


won' 


•fiSr/K. 


For tho purposes of his experiment, Callendar 
took a platinum tube through which a current 
whs passed. By measuring the resistance of 
consecutive sections of the tube, he was aide 
to obtain the value of the gradient O'/l, as 
well as the value of H 0 at any section. 0 # 
appears to have been measured at the end of 
the platinum tube, and the value of 0 m , or the 
mean temperature of tho cross-section of flow 
at that point, avuh obtained by ensuring good 
mixing of the liquid as it loft the platinum 
tube, its temperature being taken by means 
of a platinum thermometer. These quantities, 
together with the measurement of the rate of 
flow, gave the conductivity. 

The device used by Callendar for obtaining 
a constant rise of temperature along the 
platinum tube is noteworthy. Thus, if R„ 
is the resistance per cm. of the platinum tube 
at the initial temperature, a its temperature 
coefficient of resistance, and if E is the ernis- 
sivity of the tube, p its perimeter, A its cross- 
section, and Q is the rate of flow of liquid, 
then We have 

r7f) 

(J a R 0 (l - 1 - aft) = QA~~ - 1 - Ejpft. 


If now C 2 'R 0 <x D made equal to Ep, the 
gradient d(>/dx will be constant, By choosing 
suitable dimensions for the diameter and wall 
thickness of the platinum tube it is possible 
to secure the above condition. 

Onllondar does not give the full experimental 
details, but the method seems very promising. 
It possesses advantages over the film method in 
that it avoids tho difficulty of measuring accur¬ 
ately the thickness of tho film, and requires 
no correction for radiation through the liquid, 
since all tho heat lost by the inner surface of 
tho tube must be absorbed by tho liquid itself. 

(ft) Nettleton .—An ingenious flow method for 
determining the conductivity of mercury is 
duo to Nettleton. A slow stream of mercury 
is forced up a vertical glass tube, of which the 
top is steam-jacketed, the bottom cooled in 
ice, and the middle portion surrounded by 
a constant temperature enclosure. At one 
point the temperature of the column of mercury 
will he the same as that of the enclosure, which 
is taken as tho zero of reference. If now ft, and 
(hj, are the temperatures at distances L/2 above 
and below this point, it can be shown that 
ms L 

J 1 ! _ P 2KA, 

-e~ 


s being the specific heat of mercury, in the 
number of grammes passing any section in a 
second, and A the cross-sectional area of the 
tube. From the above equation the con¬ 
ductivity is easily obtained. 

For full particulars of the method, reference 
must be made to Nettleton’s original papers. 1 

§ (8) -Gases (K = 0-000015 to 0-00036).— 
As in the case of liquids, the determination 
of the conductivity of a gas is complicated by 
convection and radiation effects. The attempt 
is generally made to eliminate the former and 
apply a correction for the latter. A number 
of observers have investigated the problem, 
and their methods fall into three classes, viz. 
the cooling thermometer method, the hot¬ 
wire method, and the film method. 

(i.) Cooling Thermometer Method. Kundt 
and Warburg. -—These observers investigated 
the rate of cooling of a thermometer, the bulb 
of which was in an enclosure filled with the 
gas under experiment. They found that for 
air the rate of cooling remained constant for 
pressures between 150 mm. and 1 him., and 
for hydrogen, between 150 mm. and 9 mm. 
It was therefore concluded that within these 
limits the action of convection currents was 
negligible, and that the heat loss took place 
by conduction through the gas and by radia¬ 
tion, after allowing a due correction for the 
conduction along the thermometer stem. To 
determine the radiation loss, the enclosure 
was exhausted as completely as possible, and 
the rate' of cooling v%s then found to be 
independent ol" the shape of the enclosure. 
This showed that the effect of conduction 
through any residual gas was negligible. 
The radiation being thus known, the cooling 
due to conduction was obtained by difference. 
If the thermal capacity of the thermometer 
is measured, the absolute value of the con¬ 
ductivity of the gas could be deduced. 

Kundt and Warburg found that the con¬ 
ductivity of hydrogen was seven times that 
of air, which was in accordance with Maxwell’s 
prediction. Their value for air at 0° 0. was 
0-0000492. 

Stefan 3 adopted a similar method, taking 
two coaxial cylinders of thin copper with the 
gas to be tested between them. The inner 
cylinder served as an air thermometer, its 
tube passing through the outer cylinder and 
dipping into a vessel of water. Observing 
the rate of cooling of the thermometer, Stefan 
obtained the value for K 0 of 0-0000543 for 
the conductivity of air. 

A value very close to this was obtained by 
Winkelmann, 4 who experimented with spheres 
and cylinders on the same lines as Stefan. 


1 FMl. Mag., 1910, xix. 587; Proc. Phys. Soc., 1910, 
xxii., and 1913, xxv. 28. 

“ Pogg. Ann., 1875, elvi. 177. 

“ Journ. tie Phys., 1873, ii. 147. 

1 Pogg. Ann., 1874, cliff. 497. 
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(ii.) Hot-wire Method. Schleiermacher .— 
Originally due to Andrews, this method was 
used by Schleiermacher 1 for measuring the 
absolute conductivity of a gas. An electrically 
heated wire is surrounded by a coaxial cylinder 
containing the gas under experiment. The 
procedure is very similar to that explained 
above, except that the wire is kept at a constant 
temperature, and the rate of energy dissipation 
is measured. As before, the vessel is exhausted 
so as to obtain the radiation loss and the end 
corrections. 

The hot-wire method has been adopted by 
a number of observers, and some of their 
values for the conductivity of air at 0° C. are 
given below: 


Schleiermacher 
Sclnvarzc 
Stafford 
S. Weber . 


0-0000562 

0-0000569 

0-0000447 

0-0000568 


The latest exponent was Weber. 2 He used 
a glass tube about 2-5 cm. in diameter with 
a platinum .wire 12 cm. long stretched down 
the axis. The temperature of the wire varied 
from 7° to 25° C. above the surroundings. 
Particular attention was paid to the question 
of convection by studying the heat loss from 
the wire in the horizontal and vertical positions, 
and for pressures from atmospheric down to 
a few millimetres. The end effect was deter¬ 
mined by experimenting with two vessels 
similar in all respects except their length. 
For full particulars offthe various corrections, 
reference should be made to the original paper. 

(iii.) Film Methods .—As in the ease of 
liquids, a thin horizontal film, with the upper 
surface kept at a higher temperature than the 
lower, has been used to eliminate convection. 

(a) Todd .—Acting on a suggestion made by 
Poynting, Todd 3 adopted the film method. 
The heat transfer across the film being by 
conduction and radiation and the latter being 
independent of the thickness, it was possible, 
by experimenting on layers of different thick¬ 
nesses, to eliminate the radiation loss. 

The apparatus consisted of a plate 30 cm. 
in diameter, heated by steam in its top surface. 
The film of air was contained between this 
plate and a similar plate, which formed the 
top of a flow calorimeter. The air film was 
isolated from the surrounding air by a double- 
walled cylinder, of paper, which fitted the two 
discs closely. The heat reaching the cold 
plate was obtained from the flow calorimeter 
in the usual way, while the temperatures of 
the steam and water in contact with the plates 
was measured. An appropriate correction 
was made for the difference in temperature 
between the steam and water- and the respec¬ 
tive plates. Todd experimented on films from 

1 Wied. Ann., 1888, xxxiv. 623 

? Ann. der Phys., 1917, liv. 325 

3 Proc. Roy. Soc., 1909, Ixxxiii. 19. 


1 mm. to 5 mm. in thickness, and obtained a 
value for the conductivity of air at 5Ft" (!. of 
0-000057, which is equivalent to 0-000041)5 
at 0° C. 

It would perhaps have been better if it 
had been possible to provide tin; calorimeter 
with a guard-ring and improve its thermal 
insulation. 

( b) Herons and LabyA —These experimenters 
also made use of a film of gas heated on its 
upper surface. The arrangement of the'appa¬ 
ratus is shown diagrammatically in Fiy. 23. 
B is a hot plate surrounded by a guard- 
ring D. C is a water-cooled plate. The 
function of the plate A is to prevent any 
heat loss from the upper surface of B, ho that 
all the heat generated in B would pass through 
the air film to C. For this purpose, A was 
maintained at the same temperature as B. 

All the plates were of copper. A, B, and 
D each consisted of two sheets of copper 
clamped together, and enclosing a heating 
coil of manganin and some thermocouple 
wires. The latter consisted of silk-covered 
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constantan, which was let into grooves in the 
plates and insulated by a wax of high melting- 
point. The constantan wires formed couples 
with the copper plates and return copper leads. 
The plate B was supported from I) by three 
I-shaped ivory buttons. The surfaces of B 
and 0, which faced each other, were ground 
true and silver-plated, and extraordinary 
care was taken -to obtain the moan distance 
between the plates of careful, contouring. 
The apparatus was made air-tight by a ring 
of stout rubber clamped to A and 0 by steel 
tapes. 

The plates were held together near the 
outer edge by three holts passing through glass 
distance pieces. 

When making an experiment the tempera¬ 
tures of the plates A, B, and D were adjusted to 
be approximately equal, corrections being made 
for the heat transference due to small differ- 
ences of temperature. The plate A was always 
kept slightly hotter than B, so as to avoid any 
possibility of convection currents. The radia¬ 
tion correction was determined by independent 
experiments on a silvered Dewar flask. It 
would have been preferable if it had been 
possible to determine it on the apparatus 
itself, but the point is not of importance, 
4 Proc. Roy. Soc., 1918, xcv. 100. 














HEAT, CONDUCTION OF 


457 


since the correction amounted to less than 
5 per cent. 

The thickness of the air-film used was G-28 
mm., and there was a difference of temperature 
of 20° C. between the plates. The conductivity 
of air at 0° C. was found to be 0-0000540. 

§ (9) Discussion op Methods.— It will be 
realised from the experiments which have been 
described above that thermal conductivity is 
among the more difficult of the physical con¬ 
stants to measure with any degree of precision. 
When compared, for example, with electrical 
conductivity, it is noticed that there is nothing 
corresponding to an “ insulator,” in the 
electrical sense, which would enable the heat 
How to be easily directed into any desired 
channel; while the almost instantaneous 
equilibrium established in an electrical system 
finds no thermal counterpart. Nevertheless, 
the divergencies in the values obtained by 
different experimenters for the same material 
are often rather surprising. Such divergencies, 
which are not infrequently of the order of 
20 per cent, could probably be minimised 
by the observance of due precautions. An 
attempt is made below to set out some of the 
more obvious of these. 

As has been already shown, the determina¬ 
tion of absolute conductivity involves the 
measurement of three quantities, viz. the 
energy supplied to or passing through a body, 
the temperature distribution, and the dimen¬ 
sions of the body. 

(i.) Energy Measurement .—Dealing first with 
the measurement of energy, the advantages 
of electrical supply are obvious. It is ap¬ 
plicable over a wide range of temperature, 
it is easy to distribute uniformly, and it 
presents few difficulties of measurement. 
Further, the conversion from electrical to 
thermal units can now be accomplished with 
considerable precision, in view of the sub¬ 
stantial agreement as to the value of the 
mechanical equivalent of heat. 

When an enclosure of any size is to be heated 
electrically, it is convenient to blow air over 
a bare resistor element, as was done by Lamb 
and Wilson, while baffle plates can be used 
with advantage for the purpose of shielding 
the walls from radiation and of directing the 
air flow. When a flat heater is required, care 
should be taken to secure uniform winding 
of the resistor, which should ho clamped 
between metal plates, so as to give a flat 
surface and to reduce inequalities of tempera¬ 
ture distribution. For this latter purpose 
thick plates of copper or aluminium arc useful, 
owing to their high conductivity. If the hot 
plate is surrounded by a guard-ring, there 
should be no metallic contact between the 
two, and the guard-ring heater should be 
ca^iahle of. independent adjustment. Except 
in the case of short resistor elements, such as 


those of Niven and Poole, the escape of heat 
by conduction along the leads is not'important, 
but if any correction is to be applied, reference 
may be made to the method of Lees. 

When the body itself is used as a resistor, 
as with the so-called “ electrical methods ” 
applicable to metals, the heavy currents and 
small potential drops make the energy measure¬ 
ment more difficult (see, for example, Angell’s 
method). It is sometimes desirable to use 
alternating current to avoid Peltier effects, 
and the Thomson effect lias also to be con¬ 
sidered. 

An alternative to measuring the electrical 
energy supplied is to determine the heat 
passing out of the body. This can be done by 
the usual devices of calorimetry, such as 
measuring the ice melted or the water evapo¬ 
rated in a certain time, or, more satisfactorily, 
by means of a flow calorimeter. Examples of 
the last-mentioned are seen in Figs. II and 
14. Several important precautions have to 
ho observed with this instrument. The tank 
for supplying water should be kept at a 
constant level and temperature. At the inflow 
or outflow points, where the temperatures are 
taken, provision should be made for securing 
thorough mixing of the water so that the 
mean temperature of the stream may be 
recorded in each case. This can be done 
conveniently by means of baffles or plugs of 
wire gauze inserted in the flow tubes. A 
metallic pipe, preferably of copper, should bo 
used for conveying thi stream inside the 
calorimeter, but, both at the inflow and 
outflow, there should be a break in the pipe 
so as to prevent conduction losses along the 
metal. For this purpose rubber or ebonite 
connecting pieces can ho used. The rise in 
temperature between the inflow and outflow 
can bo measured best by a differential 
arrangement of resistance thermometers or a 
series of thermocouples. 

(ii.) Temperature Measurement .—One of the 
main difficulties mot with in conductivity 
experiments is the measurement of surface 
temperatures. Attention has already boon 
drawn to the point in the ease of metallic 
surfaoos in contact with well-stirred liquids, 
and it has been shown that enormous errors 
may occur through assuming that the tempera¬ 
ture of tho metal surface is that of the mass of 
the liquid. Similarly in the case of two solid 
surfaces which are nominally in contact, there 
will often ho a sharp temperature discontinuity 
duo to the interposition of air gaps. The 
fact is not of great importance whore the 
conductivity of the solid, whose surface 
temperature is desired, is at all comparable 
with that of air. Thus, in the case of insulat¬ 
ing materials, no appreciable error is introduced 
by assuming tho temperature of tho metal 
plate which forms the boundary of the 
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material is that of the surface of the material 
itself. More care must, however, be taken 
in the case of materials of medium conduc¬ 
tivity. By using small specimens with good 
surfaces and improving the thermal contact 
with a glycerine or mercury film, Lees suc¬ 
ceeded in surmounting the difficulty, but if 
such methods are impracticable it is better 
to abandon the attempt to determine surface 
temperature and measure the temperature of 
isothermal planes within the material. This 
procedure was adopted by a number of 
experimenters, e.g. Nusselt, Niven, Poole, 
and Dougill, Hodsman, and Cobb. Coming to 
metals, the method of Hall for measuring sur¬ 
face temperatures has much to commend it. At 
higher temperatures, where surface emissivitv 
becomes an important factor, the device of 
Angell is interesting and appears to have been 
successful. However, the difficulties of deter¬ 
mining the surface temperature of a metal by 
any contact method are so great that, wherever 
possible, the temperature should be measured 
at isothermal surfaces within the metal, which 
will generally be in the form of a bar. 

Another important point affecting tempera¬ 
ture measurements is to ensure that the 
thermal equilibrium has been reached before 
the final readings are taken. With materials 
of high diffusivity, such as metals, equilibrium 
is quickly established, but the process is very 
slow in the case of insulating materials. If 
the initial temperature of the material is 
known, its approximate diffusivity, and the 
boundary temperatures to which it is to be 
subjected, it is possible to estimate the time 
required for equilibrium. A calculation of 
this kind has been given by Niven for a 
cylinder of sand heated axially. This pro¬ 
cedure is not to be generally recommended, as, 
apart from the difficulty of such calculations, 
the data as to the diffusivities of insulating 
materials is very meagre owing to the fact that 
the specific heat cannot readily be measured. 

The matter, however, can be tested experi¬ 
mentally. Taking, for example, the case in 
which the temperature of the bulk of the 
material has to be raised, it will be found that 
a measurement of the energy supplied to 
maintain a constant difference in temperature 
will give an apparent conductivity which will 
decrease as time elapses, gradually approaching 
a steady value corresponding to the condition 
of equilibrium. 

As an instrument for measuring temperature 
distribution the thermocouple is the most 
generally useful. When employing it, care 
should always be taken to keep the wires 
leading from the junction in the isothermal 
plane for an appreciable distance. Otherwise, 
as Nusselt has shown, very large errors may 
occur. 

(iii.) Dimensions and Shape .—The measure¬ 


ment of dimensions presents few difficulties. 
It is true that when experiments a,re made, 
on thin films of gas or liquid, considerable 
accuracy is demanded, and also that in some 
cases there may be doubt as to the precise 
dimension to be measured, as for instance in 
determining the effective area, of a hot-plate 
surrounded by a guard-ring, or in deciding the 
distances between two isothermal pianos ’whose, 
temperatures have been taken by thermo¬ 
meters let into boles of appreciable diameter. 
Generally speaking, ho wo v or, dimensional 
quantities are measured more accurately than 
the other quantities involved in a conduc¬ 
tivity determi nation. 

The dimensions should, of course, bo appro¬ 
priate to the material to be touted ; thus it is 
advisable with'insulating materials to use 
large-scale apparatus so as to avoid emirs 
due to local irregularities of structure or 
packing. The shape is also decided largely 
by the same consideration, but care should 
be taken to avoid any shape in which there 
is likely to bo a departure from a rectilinear 
heat flow, as in such cases the shape factor 
is extremely difficult to calculate. For thin 
reason objection can bo taken to the so-called 
15 box method,” adopted by many experi¬ 
menters, by which an attempt is made to 
deduce the conductivity from the heat leakage 
into or out of a cubical box eutmmndod by a 
uniform thickness -of the material. 

§ (10) Discussion of Riasui/m*.-A summary 

of results is given in TabloM I. .to V. The 
values are mostly those duo to the observers 
whose methods have been described above. 
In the case of poor and medium conductors 
wide divergencies are noticeable, which no 
doubt are largely due to diilereivees between 
materials nominally the same. With metals, 
where the chemical composition and physical 
condition can be defined mans precisely, the 
differences are less marked. In fact the 
agreement between the value** of Lees and of 
Jaeger and Diesselhorst, using entirely different 
methods, is very satisfactory. Tito experi¬ 
mental difficulties due to convention and rat na¬ 
tion, in the easo of liquids and gases, militate 
against extreme accuracy. The individual 
values are not given for gascH, 'ruble V, being 
a summary of the most probable mean values, 
up to 1914, prepared by Herons and Laity, 
It should be mentioned that the. recent; deter¬ 
minations of S. Weber are higher than those in 
the table by amounts varying up to 14 per cent. 

It is interesting to consider the bearing of 
the results on the relationship of thermal 
conductivity to other physical properties. 
Some of the more important relationships arc 
dealt with below. 

(i.) Thermal anil Electrical Oomlmtiinly of 
hi etuis . 1 —The ease with which electrical 
1 See article “Electrons.” 
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conductivity of metals can be measured has 
for a long time directed the attention of 
physicists to the possibility of establishing a 
relationship between electrical and thermal 
conductivity, so that the latter could he 
indirectly determined. 

Forbes was the first to draw attention to 
the fact that metals can be arranged in the 
same order as regards their conducting 
powers for heat and electricity. In 1.853 
Wiedemann and Franz 1 propounded the law 
that the ratio of the thermal and electrical 
conductivities was the same for all metals. 
Lorenz 2 extended this theory in 1872 by 
suggesting that the ratio was proportional to 


nickel, silver, zinc, and copper—the value of 
Lorenz’s constant K/\T was nearly the same 
over the range 18° to 100° C. The mean 
value was 2-43 x 10 -8 , K being expressed in 
watts/cm. see. 0 C., l/\ in ohms per c.c. 3 and 
T being the absolute temperature. The few 
alloys that were tested gave higher values, 
and iron and aluminium were respectively 
higher and lower. Lees 6 confirmed the value 
of Lorenz’s constant down to -170° C. for 
lead, cadmium, tin ; nickel showed a slight 
rise, and zinc, silver, copper showed a falling 
off in value in the order named. All the 
alloys tested gave increasingly high values 
with fall of temperature. Meissner, 8 who 


Table V 


Gases 


The constant/in tho table below is derived from the relation K=/??C„, 
r) being the viscosity and C„ the specific heat at constant volume. 


Gas. 

K„xl0 r '. 

G,,. 

7- 

(V 

Vo X 10*. 

/. 

Ho . . 

32 >7 

2 5,4 

1-255 

2 

1-667 • 




1-883 

5 

2-31 

A . . 

3-85 

2 

()• 123 

1 

1-667 

1 

0-0744 

1 

2-108 

3 

2-47 

I-I, . . 

36 -3 

9 

3-407 

5 

1-399 

4 

2-406 

2 

0-852 

12 

1-76 

N a . . 

5-14 

3 

0-244 

4 

1-401 

3 

0-175 

1 

1-673 

5 

1-76 

o a . . 

5-35 

4 

0-218 

4 

1-401 

4 

0-1531 

1 

1-925 

6 

1-79 

Air 

5'22 

14 

0-239 

7 

1-4.02 

18 

0-1715 

1 

1*733 

31 

1-76 

NO . . 

4-93 

2$ 

0-231 

1 

1-397 

1 



1-737 

2 

1-73 

.CO . . 

5-05 

3 

0-246 

2 

1-405 

2 



1-677 

3 

1-72 

GO., . . 

3-25 

10 

0-2015 

6 

1-300 

13 

0-160 

3 

1-428 

12 

1-45 

N»0 . . 

3-34 

3 

0-220 

2 

1-317 

2 



1-364 

3 

1-47 

II a S . . 

2-81 

1 

0-2389 

3 

1-317 

3 



1-154 

1 

1-34 

SO a . . 

1'80 

1 

0-1527 

2 

1-258 

3 

0-1061 

1 

1-204 

2 

1-35 

ca B . . 

1-69 

1 

0-120 

2 

1-341 

3 



1-256 

2 

1-50 

NH # . . 

4-71 

3 

0-531 

3 

1-306 

3 

0-390 

1 

0-949 

3 

1-23 

OIL . . 

6'7C 

3 

0-592 

2 

1-316 

3 



1-036 

2 

1-45 

ty x, . ■ 

3-84 

3 

0-404 

2 

1-250 

4 



0-940 

4 

1-27 


* Tho number Riven after each constant is the number of values of which it is the mean, 
t Tho theoretical value 5/3 is used in preference to the one observed value 1-63 of Belm and Geiger, 
t Todd's value is not included as the accuracy of tile reduction of K from 55° to 0° 0. is doubtful. 


tho absolute temperature. On tho develop¬ 
ment of tho electron theory Drude, 3 and more 
recently H. A. Lorontz, 1 * applying the kinetic 
theory of gases to the motion of electrons, 
arrived at the same conclusion as Lorenz. 
Up to 1900, however, the experimental values 
were too uncertain to allow any definite 
conclusion to bo drawn. In that year Jaeger 
and Diesselhorst r> published the result of 
thoir investigation, which gave directly the 
ratio of the two conductivities for a number 
of metals and alloys, They found that for 
seven pure metals—lead, cadmium, tin, 

1 Ann. da CMmic, 1854, xli. 107. 

* Ann. (Ur Phys., 1872, exlvil. 429. 

» Ibid., 1000, i. 500, and iii. 309. 

* Pm. Arnat. Acad., 1905, vii. 438. 

« Abh. Phys. Tech. Reich., 1900, iii. 209, 


carried the investigation of copper, gold, 
platinum, and lead down to 20° abs., agreed 
approximately with Lees, hut found a very 
rapid falling off in the constant as the absolute 
zero was approached. Thus at 20° abs. the 
value. for copper was about one quarter of 
the value found by Jaeger and Diesselhorst 
at 290° abs. The work of Onnes and Holst 7 
on the conductivity of mercury at 5° abs. 
confirms this rapid diminution. 

With regard to temperatures of over 100° C. 
very little evidence is available. Konno, 8 
using a comparative method with an appa¬ 
ratus similar in principle to that of Lees for 


C 

7 

8 


Phil. Trans. Roy, Sac,, 1908, ccvm. 381. 
Proc. Ahad. van Wet. Amst., 1914, p. 760. 
Phil. May., 1920, ecxxxix, 542. 
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medium conductors {Fig. 13), found that the 
conductivities of tin, lead, zinc, and alumi¬ 
nium steadily decreased towards the melting- 
point, where a sharp drop occurred. Taking 
Tsutsumi’s values for electrical conductivity 
he deduced that Lorenz’s law held approxi¬ 
mately up to the melting-points. The changes 
of electrical and thermal conductivity on 
melting were of the same order, but .Lorenz’s 
law did not hold for the liquid state. The 
conclusions of Angell as to aluminium are 
widely at variance with those of Konno. 
While both obtained about the same value 
for the conductivity at 100° C., the latter 
gives a value at 600° C. of 0-36 and the 
former gives a value nearly three times as 
large. Angell’s values of Lorenz’s constant 
for nickel as well as aluminium show rapid 
increases with temperature. 

At still higher temperatures Langmuir gives 
a value for Lorenz’s constant for tungsten of 
3-49 x 10 _s at 1900° C., which means a com¬ 
paratively small temperature coefficient on the 
value below 100° 0. Worthing, however, does 
not agree with this value. 

The law of Lorenz has therefore only been 
shown to hold for a certain number of pure 
metals over the range from about -100° 0. 
to 100° 0. or 200° 0. Below this region it 
definitely fails ; while above, further evidence 
will be necessary before it can be accepted. 
As regards alloys, those tested by Lees and 
by Jaeger and Diesselhorst gave higher 
values for Lorenz’s constant than the pure 
metals and large temperature coefficients. 
Further, Gruneisen 1 has shown that, in the 
case of copper and iron, small amounts of 
impurity lower the electrical far more than the 
thermal conductivity and thus increase the 
value of the constant. According, however, 
to recent work in Japan 2 Lorenz’s law is 
obeyed approximately by carbon steels and 
alloys of iron with nickel, cobalt^ and man¬ 
ganese, at ordinary temperatures, and by 
carbon steels up to 900° C. 

(ii.) Conductivity, Elasticity, and Density of 
Non-metals. —Thornton 8 has recently put for¬ 
ward a tentative suggestion as to a relationship 
of the above-mentioned constants. He shows 
that for such diverse substances as quartz, 
flint crown and soda glass, graphite, marble, 
mahogany, deal, ice, and paraffin wax, the 
thermal conductivity is proportional to E p, 
E being Young’s modulus of elasticity and p 
the density. His figures for glass have, 
however, been criticised by Clarke. 4 

(iii.) Conductivity, Viscosity , and Specific 
Heat of Cases.— Many of the deductions as 
to the physical properties of gases, based on 
the kinetic theory, have been confirmed by 

1 Ann. der Phys., 1900, iii. 43. 

2 T6hol-u Univ. Sci. Pep., 1917, viii.: 1918, vii. 59. 

8 Phil. Mag., 1919, xxxviii. 705. 

4 Ibid., 1920, xl. 502. 


experiment in a remarkable way. In the 
case of conductivity, Maxwell’s prediction, of 
a value for air of 6-000055 is well within the 
range of those found by experiment, the ' 
mean of which is given by .Herons and Laby fl 
as 0-000052, while his value for hydrogen uh 
being seven times that of air has been closely 
confirmed. Another deduction from tho 
kinetic theory is that the conductivity of a 
gas. is independent of its pressure, and, an 
mentioned above, this has been found to bo 
true, except for very low pressures where tho 
mean free path of the molecules becomes 
comparable with tho thickness of the gas 
layer. For these very low pressures Roddy and 
Berry B and Knudsen 7 have shown that tho 
conductivity is nearly proportional to tho 
pressure. 

The important relation between the con¬ 
ductivity K, specific heat at constant volume 
O 0 , and viscosity y, of a gas is primarily due to 
Maxwell, who showed that, assuming molecules 
are point centres of foroo repelling each' other 
according to a fifth power law of distance, 

K=/CU 

the value of / being 2-5. 

A considerable amount of experimental 
evidence is available as bearing on this 
relation, and a summary of it, due to HeroviH 
and Laby, 8 is given in Table V. The value* 
of C„ has been very seldom observed, but it 
can be deduced from determinations of 0„ 
and of the ratio of 0„ to 0„. The viscosity 
can easily be measured. It will be noticed 
that for monatomic gases the value of / 
agrees approximately with that given by 
Maxwell. For gases with higher degrees of 
freedom the value is less than 2-5, being in 
the case of the diatomic gases 1-75. So far, 
theory has been unable to account for thin 
value, though various empirical laws have 
been propounded by Jeans and others. 

Tho determination of the conductivity of a, 
mixture of gases from that of its constituent!* 
is sometimes a matter of practical importance*. 
According to the kinetic theory it is given by 
* ., . r f \, 

^T+MpM) + i+B(pJih)’ 

Kj and K. a being the conductivities, and yi, 
and p, z the partial pressures of tho two gtiHUH, 
and A and B being constants the values of 
which are 

B -=-A, 

Vi 

where y 1 and y% are the viscosities', and v /, 

“ Proe. Roy. Soe., 1918, xev. 190. 

« Proe. Roy. Soc., 1909, lxxxiil. 254. 

7 Ann. der Phys., 1911, xxxiv. 593. 

8 Ibid. 
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Oxygen, 

Hydrogen. 

Argon, 

Helium. 

Hydrogen, 

Carbon 

Dioxide. 

Nitrogen, 

Argon. 

2-37 

1-62 

1-01 

0-86 

3-06 

0-38 

2-70 

1-07 

0-92 

1-16 

2-56 

1-19 

1-38 

2-92 

040 

0-95 


and m s the masses of the molecules of the 
two gases. 

S. Weber 1 has, however, shown that these 
theoretical values of A and B incorrectly give 
the conductivity of the mixture. The relation¬ 
ship can be expressed in the form above 
mentioned, but the values of A and B must bo 
determined experimentally for each mixture. 
The table below, quoted from Weber, shows 
the difference between the experimental and 
theoretical values: 


Gas Mixture. 

A theoretical 
A experimental. 

B theoretical 
B experimental . 


Tire variation in conductivity of a gas with 
temperature has also been considered in the 
light of the kinetic theory, according to which 
it should vary as the square root of the abso¬ 
lute temperature. This would give a tempera¬ 
ture coefficient of 0-00183. The experimental 
values for air have varied from 0-0013 to 
00036. Recently, however, Eucken a has 
shown that for five different gases the ratio 
of the conductivity to the viscosity is constant 
for temperatures from — 80° C. to .100° 0. As 
regards viscosity, a formula due to Sutherland 
has been verified over a wide range of condi¬ 
tions, so that, if Eucken’s work is accepted, 
it can be applied to conductivity. This would 
give 

K K 273 + 0/1V 
0 + 0 \273/ 

For air, taking 0 = 117, the temperature 
coefficient would he 0-0029. 

II. Application op Theo'ry to Practical 
Problems 

As has already been indicated, the problems 
arising out of the flow of heat can be considered 
under two heads, namely, those of the steady 
state and those of the variable state. In 
the former 'the temperature at each point 
throughout the body remains constant and 
the flow of heat depends on the conductivity; 
while in the latter, where the temperature is 
varying with time, the thermal capacity per 
unit volume, as well as the conductivity, 
becomes a determining factor. 

§ (11) Steady State—the Shape Factor. 
—If two isothermal surfaces are considered, 
differing in temperature by (10 and at an 
infinitely small distance dx apart, it has 

1 Ann. der Phys., 1917, liv. 481. 

5 Phys. Zeit„ 1911, xii. 1101; 1913, xiv. 324. 


already been shown that the rate of heat loss 
is given by 

H=Kj4~. 

ax 

So that for isothermal surfaces which are at a 
finite distance apart we have 


Jdx/A 

For most materials the conductivity K 
may he taken to he a linear 
| .~~ function of the temperature, 

’^Argon?' and hence the value of fKdd 

A_._ becomes the product of the 

0 .g 6 conductivity for the mean 

].07 temperature of the surfaces 

multiplied by the temperature 
1-19 difference between thorn. 

0-95 The quantity \—f(dxjk) 

depends entirely on the size 
and shape of the body and the position of 
the surfaces by which the heat enters and 
leaves the body, and has therefore been called 
by Langmuir, Adams, and Meikle 3 the “ shape 
factor.” The value of the factor for various 
shapes is given below, together with the 
solution of a few typical problems of heat 
flow. 

(i.) Plane Wall or Slab.—The shape factor 
in this case is obviously the ratio of the 
area A to the thickness x, and if the wall is 
homogeneous and of mean conductivity K 
the rate of heat flow through it is given by 
IvA(0 x - 0„)/.T. 

If the wall is a composite one, being made 
up of a number of parallel layers of different 
materials of conductivities KjK a . • • and 
thickness Xjtm 9 . . . , and if 0 X 0, . . . are the 
temperatures of the faces of the successive 
layers, then 

n , . . 

where Q is the rate of heat (low through, a 
unit area of the wall. 

Eliminating the temperatures intermediate 
between 0 t and 0 n wo obtain 

O— __{lh~O n ) 

. . . ) 

0 t - 0 n is the total difference of temperature 
through the wall, so that the composite wall 
of total thickness X is equivalent to a simple 
wall of this thickness and of conductivity Iv, 
such that 

X __ x t * a 
K K x ’" K a + ■ • • 

The formula enables one to calculate the heat 
flow through a composite wall if the con- 

a Trans. Amer. Electrochem. Soo., 1913, xxiv. 53. 








462 


HEAT, CONDUCTION OE 


ductivities and thicknesses of the components 
are known and the total temperature drop 
through the wall. 

In many practical problems the surface 
temperatures of the wall or slab are not 
known and cannot conveniently be measured, 
e.g. a boiler plate heated on one side by hot 
gases and cooled on the other by water; or 
the wall of a dwelling-house or a cold store, 
the two faces of which are exposed to air 
at different temperatures. It is desired to 
calculate the heat transfer from the known 
temperature of the gas or liquid in contact 
with each face of the wall. The general 
treatment of this problem is beyond the scope 
of the present article, but it may be useful 
to give an approximate solution of the case of 
a wall the faces of wliich are exposed to still 
air at temperatures not differing greatly. 

If 0 X -and 0, are the temperatures of air, and 
0 2 and 0 3 the temperatures of the faces of 
the wall,' then, since the heat transference 
between a surface of the wall and the sur¬ 
rounding air is nearly proportional to difference 
in temperature, 1 

Q=E(0 X - 0 9 ) =E(0 3 - fl 4 ) = 

where Q is the rate of heat transfer per unit 
area. 

Eliminating A and 0 3 we obtain 

O-Jlll 4 -. 

^~2/E + ®/K* 

For air temperatures about that of the 
atmosphere, and for surfaces which are plane 
and vertical and are full radiators, the value 
of E is roughly 0-0002 calories per sq. cm. 
per second per 1° 0. difference of temperature. 
The contributions of radiation and convection 
towards this value are of the same order of 
magnitude. 

Some applications of the formula can now 
be considered. 

(a) If the wall is of thin metal (say, copper), 
x will be a fraction of a centimetre and K will 
be nearly 1-0. C.G.S. units. The value of ®/K 
will be negligible as compared with 2/E, and 
the heat transference will be governed entirely 
by emission coefficient of the wall. If the 
metal surface is polished, its power of absorbing 
or emitting radiation will be very small, and 
the value of the emission coefficient E will 
be much less than that given above. 

(b) If the wall is of thin paper of con¬ 
ductivity 0-0003 C.G.S. units, ®/K would still 
be small as compared with 2/E ; while, since 
paper is a good radiator, E will be much 
greater than for the polished metal, so that 

1 The heat is transferred by rad iation and convection. 
The former is jiroportional to (0 1 4-273) 1 --(fla+273)\ 
and the latter to ~ 0 2 )f. For small temperature 
differences the heat transferred varies approximately 

as (fli- 02 ). 


we have the apparent anomaly of a thin-paper 
wall transmitting more heat than a metal 
wall of the same thickness. 

(c) If the wall is thick (say 100 cm.), and 
of good insulating material like granulated 
cork (K = 0-0001), ®/K would be large compared 
with 2/E, and the transmission of heat would 
be governed almost entirely by the con¬ 
ductivity of the material of the wall and not 
by its emission coefficient. 

(ii.) Cylinder or Cylindrical Shell .—The 
shape factor in this case is 

2 t rl . _2^73Z_ 

log,, (bja)’ 01 log 10 (&/«)’ 
where ft and b are the internal and external 
diameters and l is the length, which is supposed 
to be great compared with the diameter. If 
the temperatures of the internal and external 
surfaces are known, the above formula enables 
the heat transmission to be calculated. 

As in the case of a wall, however, it may 
not be convenient to determine surface tem¬ 
peratures. Taking as an example a steam- 
pipe covered with insulating material, the inner 
temperature of the lagging may be assumed 
to be that of the steam, since there will be 
no appreciable gradient through the pipe. It 
is desired to calculate the heat loss, knowing 
the temperature of the surrounding air. Pro¬ 
ceeding in a similar way to that followed in 
the case of a wall we get 

where 0 1 and A are the inner and outer 
temperatures of the lagging and 0 3 that of 
the air. The elimination of 0 9 gives 

2wZ (0 t -0 9 ) 

H “ ((1/K) log,; (b/ft) (1/bE))- 
The heat loss from the bare pipe would be 
Q ~~ 2rrlaE(0 1 — A). 

It does not follow that the heat loss from 
the bare pipe would always bo greater 
than that from the covered pipe. If the 
covering were of metal, it is obvious that the 
reverse would bo the case, and even with, 
medium conductors it is possible that the 
covered pipe would give the -greater km 
P6clet, a who was probably the first to draw- 
attention to this point, took the case of a 
pipe 12 cm. in diameter and with insulation 
varying in thickness from 1 cm. to 12 cm. If 
the conductivity of the insulation was 0-00012 
C.G.S. units, the heat transmission diminished 
with increasing thickness; if the conductivity 
was 0-002, or sixteen times as great, the trans¬ 
mission was approximately constant for all 
thicknesses; and if the conductivity was 
0-004 the heat loss increased with the thiolc- 

2 TraiU do la chaleur, 1800. 
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ness until tit 12 cm. it; was greator than that 
lor the bare pipe. 

A full treatment of the subject has more 
recently been given by Porter. 1 

(iii.) Sphere, or Spherical Shell .—The shape 

factor is 2irah/(b .a), where a and b are the 

internal, turd external diameters. The ease of 


lagging surrounding a sphere can be treated 
in the same way as that for a cylinder, but it 
is not of much practical importance. 

(iv.) Rectangular Prism, or Box .—Examples 
of this case arc commonly met with in practice, 
e.g. ti furnace chamber of cubical or rect¬ 
angular shape surrounded by walls of uniform 
thickness. No rigid 
mathematical solution 
has yet been obtained 
for the shape factor, but 
assuming that the inner 
and outer surfaces are 
isothermal, Langmuir, 
Adams, and Meikle 2 
have given an approxi¬ 
mate formula. 

They take first the 
case of a long hollow 
prism of rectangular 
section and uniform thickness.. If A is the area 
of the interior surface and t the thickness of the 
wall, and if tlrn linos of heat flow were normal 
to the interior surface, the shape factor would 
be A/L The lines of heat flow will, however, be 
normal only for the central portion of each 
face. Towards the edges they tend to become 
radial, though they arc not rectilinear. This 
is illustrated in Fig. 24, which shows the lines 
of heat flow and the 
isothermals for a por¬ 
tion of the section of 
tiro prism. The edge 
will tend to increase 
the shape factor, and 
the amount by which 




Jl 

jf 


. 



Lines uyd Isotliovmuls 
near a square edge A. 


Fro. 25.—•Cubical Box. 

Inner surface shaded. 
AC and MI), “square” 
edges. A, B, 0, I), 
“ square ” comers. 


the factor is made to 
exceed A It may be re¬ 
garded as the shape 
factor of the edge itself. 
By a series of approxi¬ 
mations the shape factor of the edge is shown, 
to bo 04771!, where l is its length. 

Next, the case of a cubical or rectangular 
box of uniform thickness is taken. In addition 
to the edges, which have the same factor as 
in tlio case of the prism, there is the effect of 
the corners. The shape factor of each corner 
is estimated to be 0-151Z, where i is the thick¬ 
ness of the wall of the box. The edges and 
comers so far dealt with are termed “ squaro ” 
edges and. corners (see Fig. 25). 

If two opposite walla of the box are supposed 
to approach each other until they nearly 
touch (see Fig. 2G), the square edges AO and 
1 Phil. Mag., 1010, xx. 511. a Loo. cit. 


BD form practically one edge, which is called 
a “ plane ” edge and has a shape factor nearly 
double that of two “ square ” edges. Similarly 
the tour “ square ” corners A, B, C, D now 
form the two “ plane ” corners AB and CD, 
for which shape factors are calculated. An 
example of the case illustrated in Fig. 26 is 
a rectangular plate surrounded by a uniform 
thickness of material. 

It is interesting to note that Langmuir, 
Adams, and Meikle confirmed their theoretical 
deductions by experiments based on the 
analogy of beat flow through Avails and the 
flow of electricity through an electrolyte of 
the same shape. Elementary cubes, prisms, 
cylinders, etc., of the electrolyte (copper 
sulphate) were formed by joining together 
suitable plates of glass and copper, and the 
electrical conductivities of the various shapes 
of electrolyte were compared. In this way 
the shape faotorB of a square edge and. plane 
edge were found to be 0-54 and 0-93Z while 
the theory has given 0-477 and 0-952 1. The 
values of a square corner and plane corner 
were 0-15Z and 0-087 1. The experimental 



A BCD, “ plane” edge. AM and CD, “ plane ” corners, 

values are accepted in preference to the 
theoretical, and they were found to hold if the 
linear dimensions of tlio inner surface exceed 
■It. This limit would he exceeded in most 
practical cases. 

The author’s conclusions as to the shape 
factor S of a cubical or rectangular box can 
he summarised as follows: 


All interior dimensions > ' u t, 

S = ~ -h (V542Z -|- 1’2Z; 
t 

one dimension <it, 

>S • i O-4()5tiZ + 0-35*; 
t 

two dimensions <),/, 

q __ 2*7 3Z 
l°Sio {^l a ) ’ 


three dimensions < , \t, 

S =0-79 


x/AB 
t .’ 


A and B being the areas of the inner and 
outer surfaces. 

Examples of the last two cases are respec¬ 
tively a small square section rod or a small 
cube Avith a great thickness of insulation 
around them. 
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Example of Calculation of Shape Factor .--Take 
an electrically heated oven with S inches thickness 
of insulation, and of inside dimensions 8 x 10 x 20 m., 
which are all greater than \t. Then . 

A=2x 8x10 = 100 square inches 
+2x10x20=400 
+2x20x 8=320 

880 

2Z=4(8 +10+20) = 152 inches. 

A 880 


Hence S is the sum of 


= 110 inches 


+0-542Z=0-54x 152= 82 

+ T2Z = l-2 x 8= 9-6 „ 

201-0 „ 

It is interesting to compare this result with two 
other methods which are sometimes adopted. 
Calculating the shape factors from the areas of the 
inner and outer surfaces by means of the formula 
S=(A/«),and taking either the arithmetic or geometric 
means between the two values, the following results 
are obtained for the oven: 


Arithmetic mean 
Geometric mean 


353-3 

247-4 


surface, and so on. For these cases Courier s 
equation reduces to 

dO _ 

dt ~~ dx" 

They can conveniently be considered undox 
various heads according to the dimensions or 
the body, its initial temperature distribution, 
and the mode of heat supply. 

(i.) Periodic Flow from a Plane Surface into 
a Semi-infinite Solid .—Suppose that the heat 
supply is such as to produce simple harm onio 
variations of temperature at the surface of air 
infinite solid, and that 0 Q is the amplitude and 
T the period of the oscillation. Then tl.io 
temperature of the surface at any time is 
given by 

„ . 2rt 

0 = 6 0 Hill 7 „~. 

It can bo shown 1 that the general solution 
of Fourier’s equation, which satisfies this 
boundary condition, is 


which differ considerably from the other value. 

The formulae which have been summarised 
above are a useful contribution towards the 
solution of the problem of calculating the heat 
losses from rectangular-shaped bodies covered 
with a uniform thickness of insulation. It 
must not be forgotten, however, that they 
apply only where the inner and outer surfaces 
are isothermal, and that this condition is often 
not realised in practice. 

§ (12) Variable State—Heat Difeusivity 
All problems connected with the variable 
flow of heat depend on particular solutions 
of Fourier’s fundamental equation, 
dO T , fd"0 ' d 2 0 , cZ 2 0 
°PM =K \dx^dy 
in which K, c, p are the conductivity, specific 
heat and density of the body, t the time, and 
6 the temperature at any point whose co¬ 
ordinates are x, y, z. This equation expresses 
the fact that the rate of heat inflow into, or 
outflow from, any small element of a body 
(represented by the right-hand side of the 
equation) must equal the rate at which tlio 
element is gaining or losing heat (left-hand 
side). It is frequently written in the form 

dO 


dt 


=7i 2 V 2 


6 — 6 n e 


Vi 


i . /2 irt X f 7r\ 

■ Bin T h \/ T/ 


where 0 is the temperature at a distance in 
from the surface. 2 It will be scon from tho 
form of this equation that the temperaturo 
at any point will vary periodically and that 
the amplitude of the oscillation will diminish 
with the distance from the surface. Tim 
following characteristics of the wave pro¬ 
pagation can be deduced from the equation: 


Amplitude at any point = 
Velocity of propagation: 
Wave-length 


an / w 
7. V 


■■0 o e 

•»\4 

=2Wt rT. 


7i 2 or K /op being a constant which is known 
as the diffusivity (see § (2) (ii.) above). 

The problems treated below are concerned 
only with the flow of heat in one dimension. 
For example, the penetration of heat into a 
fireproof wall, one face of which is, raised to 
a high temperature, the propagation of heat 
waves into the earth’s interior from the 


The “ lag,” which can be defined as the timo 
taken for any crest, trough, or other pluwm 
of the wave to reach a point at a distance a? 
from the surface, is equal to (ar/2 h) x VT/rr. 
Heat will flow into tho material during one 
half period of the temperature oscillation mill 
out of the material during the other hull; 
period. It can ho shown that tho boat How 
during a half period is 


. K /T 
°7t V ? 


11 = 0 , 


(a) Application: Diurnal and Anmutl 
Waves in the Earth's Crust .—Tho surface of 
tho earth is subjected to daily and aiimud 
waves of temperature which., to a first approxi¬ 
mation, can he assumed to bo simple harmonics 
oscillations. The square root of tho ratio t>£ 

1 See, e.y., Ingorsoll and Zoliel, Introduction to tht* 
Mathematical Theory of Heat Conduction (Ginn (Vr. Ct», >, 
1913. 

a See also “Heat, Conduction of, Matliomntloul 
Theory,” equation (12). 
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tho periods of the annual and daily waves is 
about 20( \/365 = 19T). So that we can at 
once deduce from the expressions given above 
that tho wave-length and the lag at any point 
for tho annual wave will be twenty times those 
for a daily wave. The amplitude of the latter 
will fall off very rapidly with depth. Taking 
tho case of a daily wave with a range + 15° C. 
to - 5° (J. in soil of diffusivity ■0050, the ampli¬ 
tude of 20° C. at the surface is reduced to 10° 
at 8 cm., 1° at 35 cm., and -02° C. at 80 cm. 
Since tho mean temperature of the soil is 
5° 0. an amplitude of 10° C. will just be suffi¬ 
cient to take the soil 0° G, so that the freezing 
temperature will only penetrate to a depth of 
8 cm. The lag at this depth will be about 
21 hours. If an annual wave had the same 
range as the daily wave taken above, the 
freezing temperature would penetrate twenty 
times as far and the lag at this point would 
be 40 days. 

The mathematical formulae given above 
apply only to simple' harmonic oscillations of 
temperature. The annual wave, in particular, 
departs considerably from the simple form, 
and it may therefore be necessary to analyse 
it, according to the Fourier method, into a 
number of simple harmonic, components. 
Those of short period, like the daily wave, 
rapidly become inappreciable as the depth is 
increased. 

A number of observers have studied the 
temperature waves in soil for the purpose of 
measuring its diffusivity, and some of their 
values aro given in the table below: 

Table VI 


at, a distance a: from the central plane of the 
slab is given by 

l~x 




e 0 f 2/iVt 


-p : 


\l(j. 


Observer. 

Soil. 

Locality. 

Diffusivity. 

Kelvin, I860 . . 

Garden sand 

Edinburgh 

0-0087 

Neumann, 1863 . 

Sandy loam 

Edinburgh 

•0136 

Everett, I860 

Gravel 

Greenwich 

-0125 

Angstrom, 1861 . 

Sandy clay 

Upsala 

•0057 

Cailendnr, 1805 . 

Garden sand 

Montreal 

•0036 

Rambaut, 1900 . 

Gravel. 

Oxford 

•0074 


The two last - mentioned observers used 
platinum thermometers, which are much to be 
preferred to the mercury thermometers with 
Jong stems used in some of tho earlier work. 
Gallendar points out that water lias a very 
large effect on the diffusivity of the soil. Its 
presence increases both the conductivity and 
the heat capacity, but tho former to a greater 
extent, so that tho diffusivity is increased. 
Under very extreme conditions the diffusivity 
may vary from 0-001 to 0-030. 

(ii.) Insertion of Slab at Temperature 0 o 
between two Infinite Blocks of same Material 
at 0° O .—If the slab is of thickness 21 it can 
be shown 1 that the temperature at a point 
1 Ingersoll ancl Zobel, loo. cit. p. 70. 

VOL. I 


shrj -l~x G 
2hVt 

Values of this integral (the “probability 
integral ”), which is frequently met with in the 
solution of problems of variable heat flow, 
will be found in Tables of Mathematical 
Functions . 2 

As an example we may take the case of 
concrete, originally at a temperature of 10° G, 
which is poured into a trench 60 cm. wide 
cut in the soil. If the temperature of the soil 
is - 5° G it is desired to know whether the 
concrete will have time to set before it is 
frozen. 

For this purpose we can calculate how long 
the freezing temperature will take to penetrate 
to a depth of (say) 6 cm. below the surface 
of the concrete, which it is assumed has the 
same diffusivity as the soil (0-005). Here 
Z = 30 cm., £ = 24 cm., while 0 O = 15° and freez¬ 
ing temperature = 5°, both relative-to the soil, 
so that 

6 

- 15 f%Wi o2 

S = V?j = M«-^ 

2 hVt 

The limits of the integral may he called q and 
- Oq, and by a process of trial from the table 
of values it can be shown that q = 0-065 nearly, 
so that t is over 4 days. 

It is interesting to note that 
as the conditions of symmetry 
require that there can be no 
transfer of heat across the 
middle plane of the slab, the 
above solution applies also to 
the case of a slab of half the 
thickness one face of which is 
placed in contact with an 
infinite block and the other 
protected from heat loss. 

(iii.) Semi-infinite Solid at 0° 
with Boundary Surface maintained at 6 0 .— 
This case differs-from the first case discussed 
above in that the boundary temperature 
instead of varying periodically is supposed to 
be suddenly altered to 0 O , and then maintained 
constant. 

It can he shown 3 that the temperature 0 
at a distance x below the surface is given by 


,-/3 : 


'd[3. 


20o 

27iV? 

From this equation it is easy to deduce the 

a Wellisch, Theorie wild Praxis der Ausgleich- 
rechnung, p. 257, or Ingersoll and Zobel, loo. cit. p. 106. 
3 'Ingersoll and Zobel, loo. cit, p. 78. 

2 H 
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“ law of times ” according to which the times 
required for any two points to reach the 
same temperature are proportional to the 
squares of their distances from the boundary 

Pl X’an application of the above equation we 
may take the case of a mass of concrete 
(dilfusivity -005) at a temperature of 2C» the 
surface of which is suddenly raised 740 U 
It is required to ascertain how long a tempera¬ 
ture of 100° C. will take to penetrate a cOstam® 
of 30 cm. Here d 0 is 720° and 6 is 80 , 
measured relative to the original temperature, 
and t is found to be about 36,500 seconds oi 

10 hours. „ , 7 „ , 7 , 

(a) Application: Cooling of the Earth. 
The equation above can also be used for t le 
solution of the problem of the time taken 
for the cooling of the earth to its present 
condition, neglecting the effect of the earths 
curvature. By differentiating the equation it 
can be shown 1 that 


■n-h^dd/dx)^ 

Kelvin assumed the original temperature 9 0 
to be 3900° C., h? = -01178, and the surface 
gradient (dd/dx), to be 1° C. in 2776 cm., 
and obtained a value of 100 million years. 
Even allowing very wide limits of error, this 
estimate is far below that based on geo¬ 
logical considerations. It has been sug¬ 
gested that a probable explanation of the 
discrepancy between the two estimates is 
supplied by the recent discovery of the con 
tinuous generation of heat by the disin 
tegration of radioactive compounds. 

(iv.) Slab at Uniform Tem¬ 
perature: one Face raised to 
Temperature 9 0 and kept con¬ 
stant, the other protected from 
Heat Loss. — If 1/ 2 is the 
thickness of the slab the re¬ 
lation between time and the 
temperature of the protected 
face is shown by Ingersoll and 
Zobel 2 to be 

- hVt - 97i V 

a=4 1 A * 


v i.e. 1) each face of which is suddenly raised to 
and maintained at 6 0 . 

As an example of the above conditions wo 
may take a wall of concrete backed by a wooden 
casing or a floor of masonry or concrete on 
which, is piled some poorly conducting but 
inflammable material. It is desired to know 
how soon a fire on one sido of the wall would 
cause a dangerously high temperature to 
penetrate to the other sido. It follows at 
once that the effectiveness of the wall or floor 
in preventing fire depends on a low value of 
the diffusivity rather than the conductivity, 
and that the time taken for a dangerous 
temperature to penetrate to the. real- taco 
will vary as the square of the thickness (of. 
law of times above). 

The solution given requires that the taco 
of the wall should be suddenly raised to a 
temperature and maintained there. In 
practice this condition would not bo realised, 
but Ingersoll and Zobel show that a solution 
may be arrived at by the device of imagining a 
layer to be added to the outside of the wall, tho 
surface of which is suddenly raised to a tem¬ 
perature 6 0 '. By suitably choosing tho added 
thickness and the temperature 0 O ', a very close 
approximation to the temperature rise oi tho 
actual surface of the wall can bo obtained. 
For most purposes, however, a sufficiently close 
solution is given by using tho mean value of 0 o . 

For further examples of practical problems 
depending on the variable state, reference 
ttifiv b© xnflido to & stend&rd textbook, sucli 
at that of Ingersoll and Zobel, from which 
many of the solutions given above have boon 
drawn. 

Table VII 

Diffusivity or Metals and othbii Substances 
Diffusivity (Ii i ) = k/cp 


Metals. 


4 -25AVi 
_e- 


5tt 


l* 


Generally it is only necessary 
to take account of the first two 
or three terms of this ex¬ 
pression. As in the other case 
of a slab dealt with above, the 
equation also gives the tem¬ 
perature rise of central plane 
of a slab of twice the thickness 

1 Ingersoll and Zobel, toe. eit. p. 89. 
a Loe. eit. p. 108. 


Aluminium . 
Antimony . 
Bismuth 
Brass . . 

Cadmium . 
Copper . 

Gold . • 

Iron (wrought) 
Iron (cast) . 
Lead . • 

Magnesium . 
Mercury. . 

Nickel . 
Palladium . 
Platinum . 
Silver 

Tin . . . 

Zinc . 


Diffusivity. 


G.G-.S. units. 
0-826 
0-139 
0-068 
0-339 
0-467 
1-133 
1-182 
0-173 
0-121 
0-237 
0-883 
0-033 
0-152 
0-240 
0-243 
1-737 
0-407 
0-402 


Other Substances. 


Air . • • 

Asbestos wool 
Brick (lire) . 
Brick (building) 
Charcoal. . 

Coal . 

Concrete. . 

Cork (granulated) 
Ebonite . 

Glass. . . 

Granite . 

Ice . • . 

Kioselguhr 
Limostono , 
Slag wool 
Snow (fresh) 

I Soil . . 

Water 


Diffusivity. 

C.G.S. units. 
0-179 
0-0035 
0-0074 
0-0050 

0-0020 to -0030 
0-002 
0-0056 
0-0020 to -0030 
0-0010 
0-0057 
0-0155 
0-0112 

0-0020 to -0030 
0-0092 

0-0020 to -0030 
0-0033 

See Table VI. 
0-00143 


IT. H. 8. 
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HEAT, CONDUCTION OF: 
MATHEMATICAL THEORY 

Conduction is the name given to the process 
by which heat is transferred from one portion 
of. a body to another portion immediately 
adjacent to it, across the common boundary 
or interface, in consequence of inequality of 
temperature. It is to be distinguished from 
Radiation, which may take place between 
bodies which are at a distance apart, with no 
material connection, and from Convection, in 
which the transfer is promoted by currents in 
tins substance. 

The points of a body which at a given in¬ 
stant have an assigned temperature 9 lie on 
a surface, called an “ isothermal ” surface. If 
wo imagine a series of such surfaces to he 
drawn for equal small intervals of 9 we obtain 
a complete mental picture of the instantaneous 
distribution of temperature. In general the 
configuration of these surfaces changes from 
instant to instant. When on the other hand 
it is permanent we have what is called a 
“ stationary ” state. 

The mathematical theory of conduction 
starts with the assumption that in an isotropic 
substance the flux of heat across a surface 
element drawn (in any direction) through an 
internal point P is in the direction of diminish¬ 
ing temperature, and is proportional to the 
space-rate at which the temperature falls in 
the direction of the normal. Hence if SB be 
the area of the element, and 8n an element of 
the normal to it, the (positive or negative) 
amount of heat which crosses in time St, in the 
direction of on, is 

-7^5S.5h . . . (1) 

where h is a coefficient called the “ thermal 
conductivity.” The value of h depends of 
course on the thermometric scale adopted, 
and on the nature of the substance. It 
varies also to a slight extent with 9, hut this 
is not important unless the range of tempera¬ 
tures be considerable, and is usually ignored 
in the mathematical theory. It is evident 
that the flux is greatest in the direction of the 
normal to the isothermal surface through P, 
and zero in tangential directions. 

The simplest problems are those of linear 
flow, where the isothermal surfaces are parallel 
planes, as when the faces of a large flat plate 
or slab are subjected to given changes of 
temperature, uniform over each. Taking the 
axis of x normal to these planes we calculate 
the amount of heat gained in time St by unit 
area of a stratum of thickness ox. The 
amount which enters the rear face is 


whilst an amount 


-k 


( dd 

\0X 


, 9 2 0. \ - 
+ dxz Sx ) ot 


leaves by the front face. There is thus on 
the whole a (positive or negative) gain of 
amount 


7 3 2 0 „ - 

iCtz — nOXQt, 


To find the consequent change of temperature 
we divide by the thermal capacity of the 
portion of the stratum considered, viz. pcox, 
where p is the density, and c the specific 
heat per unit mass. Hence 



30.. k 3 2 0, 
dt P c 3a; 2 ' 

or 

30 3 2 0 

dt ~ K dx 2> 

where 

-*1 

II 


( 2 ) 

( 3 ) 


It is ^ this quantity k, rather than k, which 
determines the rapidity with which tempera¬ 
ture changes ensue, under assigned conditions, 
in a body of given dimensions; k is therefore 
called the “ thermometric ” conductivity. 
It appears from (2) that the dimensions of k 
are those of the square of a length divided 
by a time. Hence in geometrically similar 
bodies of the same material the times in which 
analogous changes of temperature take place 
are proportional to the squares of the linear 
dimensions. 

In a stationary state we have dd/dt=0 and, 
therefore, from (2), 9 = A + Ba;, the graph of 
which is a straight line. Thus if the two 
faces x=0, x = l (say) of a slab he maintained 
at given temperatures 6 U , 0 l5 we have 


e=e 0 +(e x -e 0 )^ . . ( 4 ) 

The simplest example of a variable tempera¬ 
ture is that of a solid bounded by the plane 
x=0 and extending to infinity in the direction 
of a; positive, when the surface is subject to 
a periodic variation 


6 = 9 0 cos wt. (5) 


The work is shortened if we replace (5) by 
6=6 0 e iat and afterwards reject the imagin¬ 
ary part of the result. Assuming 9=ue iat > 
where u involves x only, we find on substitution 
in (2) 


d 2 u_iw 
dx % k U ’ 


( 6 ) 


whence u=Ae^ 1 ^ r ^ mx + 'Be ( 1 + i ) mx . (7) 

provided m 2 =^, . . . (8) 

Since in our case u must not become infinite 
with x, A must vanish, and putting a;=0 we 
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find B = 0 O . Hence, retaining only the real 
part, 

g=zd Q e~ mx cos(ut — mx). . . (9) 

The fluctuations of temperature are propa¬ 
gated inwards without change of the period 
(2?r/w), with the wave-velocity w/m or \/(2 k&>), 
but diminish in amplitude as they proceed, 
according to the law e m:c . In the space of 
a wave-length (2irjm) the ratio in which the 
amplitude is diminished is e~ 2n or 1/536. 
This example is of interest as illustrating the 
way in which the daily and seasonal variations 
of temperature at the earth’s surface are 
modified as they penetrate into the ground. 
It appears from (8) that the more rapid 
fluctuations have less penetration than the 
slower. Thus at a certain depth the alterna¬ 
tions of summer and winter may be still 
sensible, whilst the daily variations are im¬ 
perceptible. The progressive change of phase 
is also to be noticed. At a depth ir/m the 
phase is inverted, the temperature being (for 
instance) highest in winter and lowest in 
summer. 

If we start with an initial distribution 


loss per unit area of the surface is E0, where 
e is 'the excess of temperature above that of 
the environment, and E is a constant, called 
the “ emissivity,” whose value depends on 
the nature of the surface. The loss in time 
8t to an element dx of the bar, from this cause, 
is Epo.ro/,, where p is the perimeter of the 
cross-section. This leads to the equation 


0 e_ wo 

dt K dx 2 


— hO, 


(15) 


where 


h-- 


E p 

>cS’- • 

S denoting the sectional area. 

In a stationary state we have 
3 2 0 h. 


dx 2 


:P, 


_1__ 


a jm.v. . r-i — mw 


( 10 ) 


(17) 

(18) 


if 



(19) 


Thus if the ends (.r=0, x=l) be maintained 
at the constant temperatures 0 O , 0 1 respectively, 
we find 

_ 0 O sinh m(l — x) - I- sinh. mx , 9 q, 
sinh ml ' ' 


0=B sin mx . . . (10) 

in a solid unlimited both ways, we have, 
assuming 8—u am mx, where u involves t 


only. 


+ Km 2 u=Q. 


■ ( 11 ) 


Hence, determining the constant so as to 
agree with (10) when i = 0, 

0=Be~' cml!t sin to*. . . (12) 

This is a simple example of a “ normal mode ” 
of decay of inequalities of temperature in a 
body left to itself. The smaller the scale 
(2 7 r/m) of the inequalities the more rapid is 
the process of smoothing out. The result may 
be adapted to the ease of a slab bounded by 
the planes *=0, x = l, by making sin ml= 0, 
or rn — sirII, where s is any integer. The normal 
modes corresponding to s = l, 2, 3, . . ., 
respectively, may be superposed ; thus 

0=B 1 e" Xlt smy + B 2 e“ A2,1 sin^+ . . .(13) 


where 


_s a ir 2 x 

— 


(14) 


The coefficients B„ may be determined so that 
(13) shall represent, for t- 0, any arbitrary 
initial linear distribution of temperature in 
the slab (v. “ Fourier’s Theorem ”). As t in¬ 
creases, the successive terms in (13) gradually 
diminish, each more rapidly than the pre¬ 
ceding one, so that the first component is the 
last to survive in appreciable amplitude. 

To investigate the propagation of heat in a 
uniform bar it is necessary to take account of 
the loss by radiation from the sides. The 
usual assumption is that the time-rate of 


If the bar is infinitely long we have the simpler 
formula 

Q=0 0 e~ mx . . . • (21) 

To investigate the case of a very long bar 
whose extremity (*=0) is subject to a given 
periodic variation, we assume in the first 
instance 

0 = 0 a e iu>t ... . ( 22 ) 

as the prescribed terminal temperature. The 
equation (15) then gives 

. . , (23) 

dx 2 K 

To solve this we introduce auxiliary constants 
r and e, such that 


that is r 2 


(Ai.A) =r 2 (cob 2e + i sin 2e), 

K 

*J(h 2 + tv 2 ) 


tan 2e = 


lb 



Then, writing for shortness 

a=r cos e, /3==rsine, . . (26) 

we have ~A = (a-l-i/3) 2 0, . • (27) 

whence 

0 = {A 6 < a +^)» + Be” <*+#>*} . (28) 

Since 0 is to remain finite for a; = co, we have 
A=0, and, putting x—0, we find B=0 O , by 
(22). Hence taking the real part 

9 = 0 o e~ aX cos (w/ — fix), . . (29) 

corresponding to the prescribed oscillation 
0 O cos to/ at a;=0. This contains the theory 
of an important experimental method. 
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Tlio simplest case of three-dimensional flow 
of lieat is that of symmetry about a point. If 
O T>o a function of r, the distance from the origin, 
miicl t, only, the flux outwards across a spherical 
surface of radius r in time St is 

, de. _ 

— Ic^-iirr^ot. 
a r 

-A. spherical stratum whose inner and 
outer radii are r and r + Sr therefore gains 
lioa.h to the amount 


4wh, 


9 ( . a 90\ 
9r\ dr) 


SrSt. 


iSliiroe the thermal capacity of the stratum is 
d-vr?' 2 or. pc., the gain is also expressed by 


4:irpcr 2 8r .'zD-St. 


Hence 


’ dt 

o do 9 ( „9 O' 

r ~dt ~ K dr V dr, 

■vvlxor© k ~ fcjpc as before. The equation may 
also be written 


(30) 


2 t (r6)-K drZ {rO). 


(31) 


In a stationary state 90/9i=O, and therefore 

• • ' (32) 

In the case of a spherical shell of internal and 
internal radii a and & respectively, and temperatures 
?- x and do, wo have 


=A + ~. 
r 


0, — A -j- 


=A + 


Tonco 


Thus 




= A+ f^_\«Ll 

\b-aj r 


And if Q denote the outward flux per second, 


Q= 


d9 


dr 

= K . 47T 


47T? -2 . 


A)- 


(32 o) 


■(f-> 

In a, sphere which is complete to the centre 
we must have B = 0; the only stationary 
condition is then one of uniform temperature. 
CUIie second term in (32) would correspond to 
t>li© case of a steady source of heat at the centre. 

When, a solid sphere has an arbitrary 
inihiad (symmetrical) distribution of tempera- 
ture, whilst its surface is maintained at a 
constant temperature (which we may take as 
zero), the procedure is to ascertain the various 
cc normal modes.” Assuming that 6 varies 
as e~ A£ , we have from (31) 


9 z (r0) A 


9r 2 


+ -r0=O. 


-ECence, putting A /k= m 2 , 

rd=A. cos mr +B sin mr. 


(33) 


( 34 ) 


Since 0 must be finite at the centre, A=Q; 
and since it is to vanish at the surface (r — a) 
we must have sin ma=0, or ma=.tftr, where s 
is integral. The normal modes are therefore 
of the typo 


Q-. 


B. 


■ A d , 


where 


(35) 

(30) 


By superposition of the modes a = l, 2, 3, . . . 
it is possible to represent the result of any 
symmetrical initial distribution. The most 
persistent mode is that for which s = l. 

When the surface is not maintained at 
constant temperature but radiates into 
surroundings of temperature zero, the total 
flux outwards will be Ed . 47ra 3 . The condition 
to be satisfied for r = a is therefore 


or 


■ • (37) 

Hence, referring to (34), with A=0, and putting 
E 


wo find 


./o' 

tan ma 


~-h, 


ma 


(38) 

(39) 


1 - ha' 

This equation determines the admissible 
values of ma. The roots are determined 
graphically by the intersections of the curves 


»-r=» 


( 10 ) 


It appears on drawing the loci that if ha< 1 
the lowest positive root lies between 0 and 
&7r, whilst if ha > 1 it lies between |7r and tt. 
The corresponding most persistent normal 
mode is 

oA-^wimr. . . (41) 


In the case of symmetry about an axis, the 
consideration of the flow of heat in and out 
of a cylindrical shell of radius r and thickness 
Sr leads to the equation 

S " S (>•!)• ■ • (12) 


'dt 


The condition for stationary temperature is that 
dO/dt should vanish, and hence we must have 
r(d&/dr) — constant, or 

0 = A + B log r. . . . (43) 

For a solid cylinder wo must have B = 0 unless 
there is a source of heat at the axis. In the 
case of a pipe whose inner and outer radii 
are r lt r 2 , wo find 

o _ M°g M + 0, log (rhi) , J4 v. 
log (r a /r x j ■ ‘ ' ’ 

The general equation of conduction in three 
dimensions is obtained by calculating the flow 
of heat in and out of a rectangular element 
of volume SxSySz. As in the case of linear 
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flow the gain of heat in time St due to the two 
faces perpendicular to Ox is found to be 

— ]Jl-^Sx . Syoz, St. 

Adding the gains due to the remaining pairs 
of faces we have 


30. 
3 £ ’ 


W6 cPO d*0 
^ dy 2 ^ 3a 2 




(45) 


From this the particular cases (30) and (42) 
might be derived by transformation of co¬ 
ordinates. The expression in brackets is 
often denoted by V 2 0. It gives a sort of 
measure of the extent to which the average 
temperature in the immediate neighbourhood 
of (x, y, z) exceeds the temperature at this 
point itself. Thus the excess of temperature 
at an adjacent, point (x+£, y + y, z + f) is, to 
the second order, 


80, 30 „ d0 
dx ay 1 + dz' 




, VB . ,8>»„ 


+2 ^'f +s S t+ ^): (46) 


The average values of £ 2 , y 2 , f 2 over a spherical 
region of small radius r having its centre at 
(x, y, z) are each equal to |-r 2 , whilst the 
averages of the remaining functions in (46) 
are zero, since they are as much negative as 
positive. The average excess is accordingly 

V 2 M-r 2 . • • • (47) 

Reversing the sign, the expression -V 2 0 is 
called the “ concentration ” of 0 at the point 
(x, y, z). 

The condition of stationary temperature is 


V 2 0=O. . . . (48) 


This is identical in form with the equation 
satisfied by the gravitational or the electric 
potential in free space. Consequently many 
of the theorems of Attractions and Electro¬ 
statics have their analogues in the present 
subject. For instance, when the surface of a 
solid of any form is maintained at a uniform 
temperature the temperature (when stationary) 
must be uniform throughout the interior. 

So far, isotropic substances have been in 
view. In a crystalline structure the flux of 
heat across any surface is not determined 
solely by the temperature gradient in the 
direction of the normal. The natural exten¬ 
sion of the previous assumption is that the 
fluxes per unit area and per unit time across 
surfaces perpendicular to x, y, z respectively 
are 


(i 30 , , 00 , 30 \^ 
u= -\ h *dx+ h ™dy ±hl *Tz) 

/. 30 7 30 , . 30 \ 
v ~ x + k22 dy + h3 dz) ' 

( 1 30 , 7 do . 00 \ 
W ~ \ Csi dx + k ' M dy +Crj dz) J 


(49) 


The usual method leads to 




de 


(rM+IO • ™ 


30 _ 3 2 0 _ 3 2 0 . 3 2 0 0 3 2 0 

dt Kl dx 2 * ,l2 3 , ' 3 3;x 2 ' 1 u l dydz 


.o x 020 . 2X WO 
+ 2X « + 2X3 S%’ 


where at, = -SJ. 

1 pc 


(51) 


X 1= M*8iL±M etc. etc. (52) 


By a special choice of co-ordinate axes this 
equation can be brought to the simpler form 


30 _ ,3^0 ,3 2 0 

dt ~ Kl 3® 9 + * 9 3j/ 3 



(53) 


The new axes may be called the principal axes 
of conductivity. 

If we further imagine the body transformed, 
by an homogeneous strain, writing 




where zt may be chosen arbitrarily, wo got 
30 _ (cPO 3 2 0 3^0 \ 

Wt~ K \dx ,2+ dy 7i + dz^)’ ’ 


(55) 


which has the same form as for an isotropic 
medium. Hence results obtained on the 
hypothesis of isotropy can be transformed so 
as to be applicable to the more general case. 
For instance, the isothermal surfaces due to 
a source of heat at the origin are, in the case of 
isotropy, the spheres 

x' 2 + y' 2 -I- z' 2 = const. . . (56) 

In the crystalline case they are the ellipsoids 

rvi2 d/2 f# 2 

— 7 + —;=const. . . (57) 

h ft H 

The corresponding investigation for conduction 
in two dimensions gives the theory of de 
Senarmont’s classical experiments on con¬ 
duction in crystalline plates. m. e. 


HEAT, CONVECTION OF 

§ (1) Convection Currents. —The article on 
“Heat, Conduction of,” has been concerned 
mainly with the transference of heat through 
bodies the parts of which, except for possible 
molecular and electronic diffusion, are at 
rest relative to each other and to their bound¬ 
ing surfaces. Where such relative motion 
occurs and is associated with temperature 
gradients, heat is conveyed by the moving 
matter and is then said to be transferred by 
“ Convection.” The phenomenon is practi¬ 
cally limited to fluids, and it occurs so readily 
in them that, as was shown in the article 
on “Heat, Conduction of,” the main difli- 




HEAT, CONVECTION OF 


oulty in measuring the conductivity of a gas 
or liquid is the suppression of these internal 
currents. 

It is usual to distinguish two types of con¬ 
vection currents, namely “ natural ” and 
“ forced.” The former are essentially gravity 
currents which are caused by differences in 
density in the body of a fluid due to differences 
in temperature, as, for example, those caused 
by the cooling of a hot object when brought 
into a still atmosphere. The latter are due to 
extraneous causes, and they may modify or 
completely obscure the natural currents. An 
example of “ forced ” convention is the cooling 
of a hot object by wind or artificial blast. 

The subject of convection has long engaged 
the attention of physicists. Thus over 200 
years ago Newton propounded a law 1 to the 
effect that the rate of cooling of a hot body in 
a stream of air is proportional to the difference 
in temperature between the body and the air. 
The subject is, however, still in a comparatively 
undeveloped stage ; nor is this to be wondered 
at when it is realised that the problem of cal¬ 
culating the heat conveyed by a moving fluid 
involves a combination of the Fourier equations 
of conduction with those of hydrodynamics. 
The simplifying assumptions necessary to 
obtain solutions have, as a general rule, 
restricted seriously the usefulness of the 
results. 

§ (2) Forced Convection, (i.) Stream¬ 
line Flow: Boussinesq's Theory, — Forced con¬ 
vection has been considered theoretically by a 
number of mathematicians. One of the most 
important contributions was that of Bous-, 
sinesq, 2 who was the first to treat fully the 
cooling of a heated body by a stream of fluid 
when the flow is not turbulent. It was assumed 
that the fluid was in viscid and incompressible. 
Subject to these and other simplifying assump¬ 
tions, Boussinesq obtained a generalised solu¬ 
tion according to which the heat loss is directly 
proportional to the temperature difference (the 
full solution is referred to in subsection (iii.) 
below). He 3 * also solved a number of special 
cases, such, for example, as strips and cylinders 
with their long axes at right angles to the flow. 
For the latter the heat loss is found to be 
proportional to the temperature difference and 
to the square root of the velocity multiplied 
by the diameter or breadth. Independent 
proofs of several special cases, including those 
just mentioned, are also given by Russel].* 

(ii.) Verification. —-There is a considerable 
body of evidence available as bearing on 
Boussinesq’s conclusions. Dealing first with 

1 This law is often taken to apply to natural con¬ 
vection, though Newton expressly said that It was 
given for a "body " not in still air but in a uniform 
current of air.” 

2 Comptes Rendus, 1001, cxxxiii. 257. 

2 Journ. de Math., 1905, i. 285. 

* Phil. Mag., 1910, xx. 591. 


the proportionality of convection loss and 
temperature difference, this may be regarded 
as a general law, of which Newton’s law is a 
special application. The latter deals with the 
total heat loss from a body, due to radiation as 
well as convection. The radiation loss is well 
known to be proportional to Tj* - To*, T t 
and T 0 being the absolute temperatures of 
the body and its surroundings, or to T\ - T t) , 
where the difference in temperature is small, 
for in this case TV-T/ is approximately 
equal to 4T 0 3 (T 1 - T 0 ). Accepting Boussi¬ 
nesq’s conclusion, it follows at once that the 
total heat loss (by convection and radia¬ 
tion) will he proportional to the temperature 
difference when the difference is small, and 
it will also he proportional for largo differ¬ 
ences in temperature if the wind velocity 
is sufficiently great to make the radiation 
loss negligible in comparison with the. con¬ 
vection loss. These are limiting conditions 
which have been shown to apply to Newton’s 
law. Mitchell, 5 for example, experimenting 
on the cooling of a copper sphere 5 cm. in 
diameter, found that at least within tiro 
limits of temperature differences up to 200° 
C. and wind velocities up to 1666 cm. per 
second, Newton’s law held, and that it was 
accurate for a temperature difference which 
increases with increasing velocity of the air 
current, Goinpan,® using a sphere 2 cm. 
in diameter, verified the law up to 300° (J., 
while King 7 showed that for line wires the 
convection loss was still very nearly propor¬ 
tional to the temperature difference' oven 
when the latter was as largo as 1200° 0. 

As regards Boussinesq’s other conclusions, 
relating to the effect of velocity and linear 
dimensions, a reference may bo made to 
experiments on cylinders, since those have 
covered the range from the finest wires to 
largo pipes. In general, the procedure in 
such experiments has been to measure the 
energy input required to keep the body at a 
constant temperature. If, then, the emission 
coefficient of the surface is known, the heat 
loss by radiation can he calculated and the 
convection loss determined by difference. 

The case of wires has been very fully in¬ 
vestigated, notably by Kennedy, 8 Morns, 0 
and King. 10 The last-named, in particular, 
conducted a most exhaustive research, both 
theoretical and experimental. Boussinesq’s 
approximate solution for the rate of heat loss 
by convection from a cylinder was 

h^AoJVci, 

where 0 is the temperature difference, V the 

6 Trans. R.S. Min., 1001, xl. (1), 30. 

* Ann, de Chimin phys., 1002, xxvi. 482. 
i Phil. Trans. R.S., 1914, ccxiv. 373. 

8 Trans. A.I.E.E., 1909, xxviii. 803, 

" Electrician, Oct. 4, 1912, p. 1050. 

10 Loc, cit. 
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velocity of the stream, d the diameter of 
the wire, and A. is a constant whose value 
is \' / 32c/)7;/ir. Here c, p and k signify as usual 
the specific heat, density and conductivity. 
King carried the mathematical analysis 
further and showed that for values of Vd 
greater than 0-0187 cm. 2 /sec. 

h = d(BjVd + G), 

B and 0 being constants of value diircpk 
and k respectively. He conducted experi¬ 
ments on wires from 0-003 to 0-015 cm., 
using velocities ranging from 17 to 900 cm. 
per second and temperature differences from 
200° to 1200° 0. The wares, which were of 
platinum, were fixed at the end of a whirling 
arm and their temperatures were determined 
by their resistances as measured on a special 
bridge. For full particulars as to the various 
corrections, reference should be made to the 
original paper. The above formula was 
confirmed, B and 0 being found to be nearly 
constant and to be in reasonable agreement 
with the theoretical values. 

For larger cylinders the work of Hughes 1 
may be referred to. He experimented on 
cylinders of 0-43 to 15-5 cm. in diameter and 
■with velocities from 200. to 1500 cm. per 
second. The cylinders were fixed across a 
wind tunnel and were heated internally by 
steam, the amount condensed giving the 
energy dissipated at the surface. The -wind 
velocity was measured by a Pitot tube. The 
experiments gave 

hocd m Y n , 

value of m being 0-57 and n varying with 
diameter from 0-55 for small diameters to 
nearly 1-0 for large diameters. Hughes’s 
results seemed to fall intermediate between 
those of King for wires, where the convection 
loss depends approximately on v V, and those 
of Reynolds, 2 Nicholson and others for large 
bodies where the convection loss is propor¬ 
tional to V. 

As bearing on this point it may be men¬ 
tioned that Compan, using a sphere 2 cm. 
in diameter, verified within narrow limits of 
temperature and velocity Boussinesq’s theory 
that the heat loss varied as \/Y. Langmuir, 3 
too, experimenting on a flat surface wdth 
wind velocities up to 410 cm. per second, 
gives the convection loss as proportional to 
\ / V. Mitchell, on the other hand, with his 
sphere of 5 cm. diameter, seems to have 
found that the convection loss was directly 
proportional to V up to a speed of 750 cm. 
per second, when the air motion becomes 
turbulent. 

(iii.) Principle of Similitude .—Thfc correla- 

1 Phil. Mag., 1916, xxxi, 118. 

Proc. Lit.. Phil. Sac. Manchester , 1874, xiv. 9. 
^..Trans.Amer. Electrochem. Sod, 1913, xxlii. 323. 


tion of experimental results obtained under 
widely different experimental conditions can 
be conveniently considered in the light of 
the principle of similitude. In a short but 
highly instructive paper Rayleigh 4 lias 
indicated the possibilities of applying this 
principle to the problems of convection. He 
took Boussinesq’s case of the boat loss from 
a hot object at constant temperature, wdiioh is 
immersed in an incompressible fluid moving 
with velocity V, the fluid being first supposed 
to be inviscid. He postulates that the heat 
loss in unit time will depend on the following 
quantities, the dimensions of -which arc given 
in brackets: 

l the linear dimensions of the body (l,j, 

0 the temperature difference (< >). 

V the stream velocity (LT -1 ). 

C the heat capacity per unit volume 
(ML^T- 2 ©-!). 

k the conductivity of the fluid (MLT- 3 !)- 1 ). 

Assigning arbitrary indices to the above 
quantities the heat loss per unit time (ML 8 T" a ) 
may be written 

7i = Zi>pwy*C!w.v~, 

whence w r e have by mass .1 — y -|- 

by length 2 = v -l- ,u - y -i- s, 
by time - 3 = -- x ~ 2y - Ifc, 
by temperature O ~~v> - y - a. 

Solving these equations in terms of one of the 
unknowns (say x), we get 

v = 1 -|- x," iv=l, y = x, z 1 — ,-r. 

Hence substituting and collecting indices 

-«(t) • 


Since x is undetermined and ‘ VOl/h of 'zero 
dimensions, any number of terms of this 
form may bo combined and all that, can be 
concluded is that 

li = kWF (-j^), 

where F is an arbitrary function of the one 
variable YCl/k. The above equation agrees 
-with Boussinesq’s general solution. 

The omission of viscosity from the discussion 
is, of course, a serious departure from practical 
conditions, and Rayleigh proceeds to consider 
the effect of introducing a factor j»“ in his 
original equation, v being the kinematieal 
viscosity of dimensions (L a T -1 ). .Proceeding 
exactly as above and solving in terras of u 
and x he gets 


h — JelO 


(Y^yyiy 


Here x and u are both undetermined and the 


Nature, 1915, xcv. 66; see all 
Similarity, Principles of,” §§ (27)-(82) 


“ Dynamical 
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Viirnil>l<\'« in Oh*, brackets arc of zero dimensions. 
llciuH? the conclusion is 


h kJt)V 


YVd 




Cm//,' appears to lav a constant for any particular 
gas (sen Table V., article, “ Heat., Conduction 
of”), unit not, to vary greatly from out) gas to 
another, no that for the Name gas, or approxi¬ 
mately tor all gases, the second term of the 
function heroines a constant, while the. first 
eau he written Yl/u or Ydju for a cylinder of 
diameter d with its long axis perpendicular 
to the Hew. The formula for this latter ease 
then beeomes 


h im 


'(v) 


If, now, the rate of heat loss per unit length 
is plotted against Yd, a constant relation 
should he obtained fur all cylinders. 

Navis 1 has considered the data, applying to 
variouH Mizes of cylinder, and tested them in 
the above manner. He took the conditions 
of liughcs’s experiments, namely, a cylinder 
at 100" 0, Hiimmuded by air at 16° 0., and for 
values of Yd .---T>0() ami 1.000 calculated the 
heal, loss for tine wires, using King’s formula 
and etmutants. The results are shown in 
Fiij, 1, together with Hughes’s values and 



Iriu. 1. 


some results obtained by Carpenter 8 for 
f> cm. steam pipes. It will be seen that the 
extrapolation of King’s formula gives remark¬ 
able agreement with the curve for larger 
cylinders. The velocities required to give the 
value Yd of 600 with a thin wire of 0*003 cm. 
would bo loo great to allow this extrapolation 
to lie onntirmed experimentally. 

(iv.) Turbulent. Flow.— Vo ry little experi¬ 
mental work has been done on the heat loss 
duo to turbulent flow, except: in the case of 
pipes. Osborne Reynolds, 11 dealing generally 

1 Ph il. Mag., 1020, xl. 002. 

* Quoted in Trans. Amur, ffleclroehem. Hoc., 1013, 
xxiil. 324. 

* Pruc, Lit. Phil. Soe, Manchester, 1874, xiv. 9. 


wiHi the. subject, states that convection in 
this case is duo to two causes, namelv, natural 
internal diffusion and the visible eddy motion 
which mixes the fluid up and continually 
brings fresh particles into contact with the 
surface. Ho deduces the formula 

fc-(A + B P V)o, 

A and B being constants and V and p the 
velocity and density of the fluid. A is small, 
so that It is approximately proportional to V. 
Stanton 4 lias verified Reynolds’ theory 
experimentally and finds that h varies as Y n 
where n is a little less than unity. 

J.Iie effect; of the change from stream-line 
motion to turbulence on convection loss does 
not seem to have been investigated. Russell 5 
has obtained theoretically an approximate 
formula for stream-line motion in a pipe, 
according to which the convection loss varies 
as fJY. The critical velocity at which eddy 
motion occurs has been shown by Coker and 
Clement 0 to vary directly as the viscosity 
and inversely as the diameter. It is useful to 
note that these variables are associated in 
the same way (i.e. Yd/v) in Rayleigh’s 
similitude formula. 

§ (3) Conclusions on Forced Convection. 
—(i.) The heat loss by forced convection 
from a hot surface is proportional to the 
temperature difference between the surface 
and the ambient fluid. This has been shown 
by Boussinesq from hydrodynamical reasoning, 
by Rayleigh from the principle of similitude, 
and it is confirmed by a considerable mass .of 
experimental evidence. 

(ii.) For stream-line flow the heat loss is a 
function of the product of velocity and linear 
dimensions. This lias been shown theoretic¬ 
ally by Boussinesq and Rayleigh. 

The work of King on fine wires makes the 
heat loss proportional to (\'Vd + constant). 
The results on larger cylinders, spheres, and 
flat surfaces are conflicting, some observers 
lintling that the heat loss varies as \ f V and 
others that it varies as V. 

(iii.) For turbulent flow in pipes the heat 
loss is proportional to the velocity. 

§ (4) Natural Convection, (i.) Early Re¬ 
sults, —The gravity currents set up in a fluid 
in the proximity of a hot object have been 
investigated both theoretically and experi¬ 
mentally. The first work of importance was 
that of D along and Petit, to whom are due 
an elaborate series of experiments on the 
cooling of hot bodies. Their researches, 
published in 1817, 7 are practically confined to 
tlio heat loss from thermometer bulbs sur¬ 
rounded by constant temperature enclosures, 


4 

tt 

8 

7 


Phil. Trans. R.S., 1897, cxc. 07. 
Phil. Mag., 1910, xx. 591. 

Phil. Trans. It.S., 1903, cci. 45. 
Ann. de Chlm, et Phys„ 1817, vii. 
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By exhausting the enclosure and observing the 
rate of cooling of the bulb the heat loss due to 
radiation was determined. Experiments were 
made with the same bulb and enclosure when 
the latter was filled with gas at varying 
pressures. As a result the following empirical 
formula was deduced for the convection loss: 

h=mp 0A5 8 1 ' 333 , 

where m is a constant depending on the shape 
and position of the body, p the gaseous pressure, 
and 6 the temperature difference. 

The work of Dulong and Petit was sup¬ 
plemented by that of Peclet 1 on the value of 
m for bodies of simple geometrical shape. He 
measured the rate of cooling of hollow metal 
cylinders, spheres, and prisms filled with 
water. He used bodies ranging from 5 to 
30 cm. in diameter and 5 to 50 cm. in length. 
•Great care was taken by means of elaborate 
stirring devices to keep a uniform temperature 
inside l;he vessels, and they were placed inside 
a large water-jacketed cylinder about 80 cm. 
in diameter and 100 cm. high. 

According to Peclet the heat loss by convec¬ 
tion is not proportional to the area of the 
surface but increases more slowly for bodies of 
fairly large size. Thus for spheres he makes 
the heat loss proportional to (1-778 + 0-13/?') 
and for horizontal cylinders (2-058+ 0-038/r), 
where r is the radius in metres. Formulae 
are also given for vertical cylinders and vertical 
walls, the latter being of the form a + bj J'K. 

(ii.) Lorenzs Theory. — After Peclet, the 
heat loss from a vertical surface freely exposed 
•to air was investigated mathematically by 
Lorenz. 2 He made a number of assumptions 
regarding the upward air streams in the 
vicinity of the plate. Thus the temperature 
of the air on crossing the horizontal plane 
through the lower edge of the plate is supposed 
to be that of the air at an infinite distance : 
it is assumed that the air moves from the 
bottom to the top of the plate at a constant 
speed and that horizontal currents, which 
might be due to expansion, are negligible. 
On this basis Lorenz arrives at the formula 




where II is the height of the plate, 8 the 
temperature difference between the plate and 
the air, the latter being at a temperature T, 
and c, p, 1c, y are respectively the specific 
heat, density, conductivity, and viscosity of 
air, and g the gravitational constant, h, the 
heat loss, is expressed in cals, per sq. cm. per 
second. It will be observed that the exponent 
of 8, namely 1-25, agrees closely with the 
1-233 found by Dulong and Petit. The 
formula gives the heat loss as varying with 


1 TraiU de la chalenr, I860, trans. by Paulding. 
Van Nostrand Co., 1904. b 

8 Ann. der Phys., 1881, xiii. 582. 


height in the ratio 1/H 1 (for a further dis¬ 
cussion of “ height effect ” see § (4) (v.) below). 

(iii.) Verification .—As bearing cm Lorenz’s 
formula, the experiments of Langmuir 3 on 
a vertical disc of diameter IDT cun. may be 
referred to. The disc was heated by ft 
resistor element in contact with the back 
surface and was embedded in a cylinder of 
larger diameter, consisting of insulating 
material, the exposed surface of the disc being 
flush with the insulation. The temperature 
of the disc was determined by a thermo¬ 
couple, and the watts required to maintain 
it at a constant temperature were measured. 
In order to reduce the radiation to a. minimum 
the surface was of highly polished silver, the 
emission coefficient of which, calculated from 
Hagen and Ruben’s formula, varied from 
about 1-7 per cent at 50° 0. to 3-5 per cent at 
600° C. of that of a black body. By this 
means the radiation correction, even at 
was kept as low as 20 per cent. The convection 
loss was found to lit a formula 

A=O-OOOO4OO0i, 


so that, as regards the dependence of heat 
loss on temperature difference, L< irenz’s clod no¬ 
tion was confirmed. The numerical constant 
given by his formula, taking H the average 
height of the disc to be 15 cun., was 0-0000485. 
Seeing that Lorenz’s assumptions only applied 
for small temperature differences and that ho 
took no account of the temperature variations 
of conductivity, viscosity, and density, it is 
surprising that his formula holds so well up 
to 600° 0. 

Langmuir also investigated the effect of 
orientation of a flat surface, using the silvered 
disc above referred to, and found that the heat 
loss from a flat surface with face upwards was 
slightly greater than from the vertical surface, 
while the latter was considerably greater than 
that for a horizontal surface with face down¬ 
wards. The results are shown graphically 
in Fig. 2. Apparently in all throe eases the 
heat loss varied as O-L 

Some experiments have also been made at 
the National Physical Laboratory 4 on largo 
vertical plates. Experimenting, first, with a 
plate freely exposed to the atmosphere, the 
convection loss was found to bo 0-0000175/^ 
calories per sq. cm. per second, which agrees 
approximately with Langmuir’s value. The 
plate used was of polished aluminium, 120 
cm. square, and the temperature difference 
varied up to 100° C. 

The convection transfer across enclosed 
spaces between vertical plates was also in¬ 
vestigated. It was found that, for air spaces 


* Trans. Amer. Elec,traehm. Roe., 11)13, xxiii. 200. 
Report on “Heat Transmission 'by ('onvection 
and KacUation,” published by the Food Investigation 
Board (1921). 
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of T2 cm. and over, the transfer was inde¬ 
pendent of the thickness and varied as 
0-0000294$*. Here 6 is the temperature 
difference between the hot and cold plates, 
and since the temperature of the enclosed air 
is intermediate between that of the plates it 



ElO. 2. 

would be expected that the coefficient would 
be lower than that for the plate in the open 
atmosphere—in fact, of the order of one-half. 
The subdivision of the enclosed space by a 
horizontal partition into two equal spaces was 



Fig. 3. 


found not to effect appreciably the heat loss 
per unit area. 

The results of the experiments are illustrated 
in Fig. 3. 

(iv.) Langmuir's Experiments and Theory .— 
So far all the experimental work quoted 
has tended to confirm the $5 law closely up to 
temperatures of 600° or 700° 0. Langmuir, 1 
however, extending the work of Ayrton and 

1 Phys. Rev., 1912, xxxiv. 401. 


Itilgour on fine platinum wires nearly to the 
melting-point of platinum, found a consider¬ 
able increase in the exponent of 0. He used 
wires ranging in diameter from 0*004 to 
0-050 cm. The wires gave rather abnormal 
coefficients for Calleudar s formula, con¬ 
necting temperature and resistance, namely 
0-0035 for a and 1-72 for 8, as against 0-0039 
and 1-50 for the purest platinum. The 
temperatures of the wires were calculated from 
the resistance, using the parabolic formula 
to 1100° C. and from 1100° to the melting- 
point a linear formula. It was estimated that, 
the temperatures were obtained within 20° at 
1000° (X and some 50° at 1750° 0. The length 
of wire used was about 50 cm., and a measure¬ 
ment of the current and of the volt drop, on 
the length of the wire unaffected by end cooling 
effects, served to give both the energy supplied 
to, and the resistance of, the length in question. 

For the radiation correction the figures. of 
Lummer and Kurlbaum as to the emissivity 
of platinum at various temperatures were 
used. For the smallest wire of -004 cm. 
diameter the loss by radiation at 1630 C. 
was only 8 per cent of the total loss, while 
for the largest wire, -05 cm., it amounted to 
38 per cent. Langmuir found that for air the 
exponent of 0 in the Dulong and Petit formula 
increased from 1-24 to 1-53 at 1.430 C., ant 
similar increases were found for nitrogen, 
carbon dioxide, and hydrogen. As a result of 
the experimental work on wires and flat discs 
Langmuir has put forward his film theory, 
which seeks to explain in a simple but compre¬ 
hensive way the phenomena of convection. 
He points out that, according to the kinetic 
theory, the viscosity of a gas increases with 
the square root of the absolute tempexatuie, 
and that the thermal conductivity also 
increases rapidly with temperature, while the 
driving force of the convection currents, which 
is proportional to the difference in. density 
between the hot and cold gas, only increases 
slowly with temperature. He expresses the 
opinion that there is a stationary film of gas 
of definite thickness in contact with any hot 
object at high temperature, and that free 
convection consists essentially of conduction 
through this film and can be calculated fiom 
the ordinary laws of conduction. Taking 
first the case of a flat surface, the rate of heat 
loss per sq. cm. through the film of thickness 
33 Avould be given by 

1 /'®1 

h =4 MT. 

13J To 

]c is not a constant for the big ranges of 
temperature in question, and in order to 
evaluate the integral it is necessary to express 
k as a function of T. This is done by using 
Sutherland’s formula for change of viscosity 
with temperature as combined with the 
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relation between viscosity, specific heat, and 
conductivity (see § (10) (iii.) of article, “Heat, 
Conduction of ”). By this means the values of 
rT; 

/ kdT were calculated for a series of tem- 

peratures. The value of B can then be ob¬ 
tained from the experiments on the plane 
surface. Knowing the rate at which the 
surface is losing heat by conductivity through 
the film, it was found that B was independent 
of temperature and has a value about 045 cm. 
In the case of wires the thickness of the film 
depends on the diameter of the wire. Making 
the assumption that not only the temperature 
but the temperature gradient at the outside 
of the film is the same in all cases, it can be 
shown that the diameter b of the film round 
a wire of diameter a is related to B, the 
thickness of the film for a flat surface, by 

61og e -=2B. 

Langmuir’s observations seem to indicate that 
b for any particular wire is independent of 
temperature, and the mean of all his observa¬ 
tions on wires gave B=0-43 cm. The agree¬ 
ment between the value of B as deduced from 
experiments on a flat plate and on wires of 
various diameters is remarkable, and as yet 
no satisfactory explanation is forthcoming. 

It should be pointed out, however, that the 
whole theory built up by Langmuir is based 
on certain deductions as to the change of 
conductivity of the gas up to high temperatures 
on which no direct experimental evidence is 
yet available. Further, the use of a hot-wire 
anemometer indicates the existence of very 
appreciable air streams within a distance of 
•45 cm. from a plane surface, so that the theory 
cannot, at any rate, be accepted as a literal 
interpretation of the phenomena of convection. 

(v.) Principle of Similitude .—As in the case 
of forced convection the principle of Similitude 
finds a suggestive application to natural 
convection. Richardson 1 and Davis 2 have 
recently shown how to apply the Rayleigh 
method to this case. Taking a set of variables 
similar to that adopted by Boussinesq in his 
hydfodynamical treatment of natural convec¬ 
tion we get 

h= keiF ^\ . 


that deduced by Boussinesq. It takes rp> 
account, however, of the viscosity of the gas, 
but this can be done in precisely the same 
way as that given for forced convection. The 
result is, as before, the introduction under 
the functional symbol of another variable 
Gvjk, which, for the same gas and for moderate 
temperature ranges, is a constant, and does 
not therefore alter the equation given above. 

It is probable that the form of the function 
is far from simple, but, from the experimental 
evidence available, certain conclusions can be 
drawn. For example, Inking the variation of 
heat loss with temperature, a wide range of 
experiments has shown that it varies as 0 n , 
where the value of n is about 1-25. Thus Du- 
long and Petit, Pdelet, Com pan give the value 
as 1-23 ; Langmuir and the National Physical 
Laboratory find 1*25 j while Loren/, on theo¬ 
retical grounds arrives at a value L25. 

If the temperature and size of the object 
alone are variable, as would bo the cast's in 
air under atmospheric conditions, then, wince 
0, A, and h remain constant, the equation 
becomes 

and since the index of 0 is ", we have 


and 


hoz(f l , fi. 


Here hjc, 0, l, and C have the same significance 
as m g (_) (ifi.) above; A depends on the 
acceleration of the convection current, and 
is clearly proportional to g(opjp) where Sp is 
the change in density due to unit change of 
temperature, p being the density of the gas. 
lhe dimensions of A are LT** 2 #- 1 . 

The expression given above is equivalent to 

1 , p A/s. Soc., May 1920. 

? Phil. Mag., 1920, xl. 692. 


Hence in general 

7 i ocfp-niip-7c/,.o(>r,^.^ 

It is interesting to consider the hearing 
of this expression on the case of vertical 
surfaces of different heights. The heat loss 
per unit area is given by 

h P-’B 


P .Z 2 




This agrees with .Lorenz’s solution (see g (1) (ii.) 
above). Actually the variation seems to be 
even less, as was shown by some recent ex¬ 
periments by Griffiths a ‘at the National 
I hysical Laboratory. Ho took a wall 8 ft, high, 
and divided it horizontally into twenty-five 
separate elements, which wore maintained at 
the same temperature by independently heated 
coils. The heat dissipation from eaoh‘element 
was determined and gave tlm result shown in 
Fig. 4. 

It will be obsorvod that the heat loss per 
unit area decreases rapidly to a minimum 
value (at about 50 or 00 am, from the bottom), 
len increases slightly and reaches a steady 
value. That the lower elements swept by 
colder air should lose more heat is to bo 
expected, but that there should ho a minimum 
is somewhat surprising. The only plausible 
explanation appears to be that stream-lmo 

tion Board! ° Q “ Hcat Trim smisslon/' Pood Invastlga- 
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motion of the air persists up to a certain 
height, beyond which turbulence sots in. A 
further series of experiments at the National 
Physical Laboratory 1 on vertical cylinders, 
varying from 4-5 to 263 cm. in height, 
showed the heat loss per unit area to be 



Fig. 4. 


practically independent of the height above 
a limit of about 50 cm. It was found, too, 
the value of n in the formula h^-0 n had a mean 
of about 1-25, but that it showed a tendency 
to increase with height—as appears in the 
following table: • 


Height of 
Cylinder 
in cm. 

Value of n. 

Height of 
Cylinder 
in cm. 

Value of n. 

4-6 

. 1-23 

58 

1-25 

8 

1-17 

88 

1-28 

15 

1-18 

176 

1-30 

29 

1-25 

263 

1-34 


The value of n for the largest cylinder is 
nearly f. It is interesting to note that, 
from considerations of Similitude, the index 
ft means that the heat loss per unit area is 
independent of the height, and, as stated 
above, experiment has shown this to be the 
case. 

The law of variation of convection loss with 

t Report on “ Heat Transmission,” Food Investiga¬ 
tion Board. 


pressure of a gas can also be deduced from 
principle of Similitude provided that the 
variation of heat, loss with temperature is 
known. Thus if the value of n is taken as 
£, we get 

7i.cGi9 1 - 2fl C ,B , 

and since C, the heat capacity per unit volume, 
is proportional to the density and therefore to 
the pressure, we have 

hccp’ 5 . 

This is in fair agreement with Dulong and 
Petit’s experimental value of 0-45 for the 
index, while if their value of n is taken (1-23) 
the agreement is even closer, giving an index 
of 0-47 instead of 0-5. 

The above examples serve to indicate the 
use which may be made of the principle of 
Similitude in the treatment of the problems 
of natural convection. 

§ (6) Conclusions on Natural Conven¬ 
tion, —(i.) The heat loss from a hot surface is 
approximately proportional to 9- 1 where 0 is 
the temperature difference between the sur¬ 
face and the ambient fluid. 

This law represents with fair accuracy the 
results obtained experimentally for different 
shapes of surface and for values of 0 up to 
600° 0., and it is in accordance with the 
mathematical solution given by Lorenz for a 
vertical surface. For very largo surfaces the 
index shows a tendency to increase. 

(ii.) The heat loss has been shown experi¬ 
mentally to vary asp -40 where p is the pressure 
of the gas. 

Neither this law nor the preceding one can 
be deduced generally by hydrodynamioal 
reasoning or from the principle of Similitude, 
but they are mutually consistent with the 
solutions obtained on these lines. 

(iii.) Peclet has obtained empirical formulae 
for the effect of shape and size on the heat 
loss. For any body of linear dimensions over 
about 40 cm. the scale effect is unimportant, 
i.e. the rate of heat loss per unit % area is 
approximately the same, being about 0-000045 
0* cals, per sq. cm. per sec. F> Hi s , 
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§ (1) Historioal. ■—The principle of tho 
Conservation of Energy states that in all its 
forms energy remains a constant quantity, 
however many transformations it undergoes. 
In other words, if energy is made to pass from 
any condition such as that of matter in motion 
into any other condition such as molecular or 
electrical energy, the numerical value of the 
resulting effeot depends simply on the quantity 
of energy so transformed, not on the method 
of transformation, the materials, time, or any 
external conditions. 
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The demonstration of the truth of this 
principle by experimental evidence has engaged 
the attention of many investigators during the 
past eighty years, but the foundations of out 
belief may be said to have been laid by Newton 
when he enunciated his third law, “ Action and 
reaction are equal and opposite.” 

Professor Tait 1 has pointed out that it is a 
matter for regret that Newton’s own explana¬ 
tion of the terms action and reaction have been 
so little considered and discussed by succeeding 
generations. There are two entirely distinct- 
senses in which these words may be used. 
Action in the one sense is a force only, and to 
this interpretation attention is and has been 
almost universally directed. 

Newton’s second interpretation of his third 
law is of great importance. It is as follows : 

“ If the activity of an agent be measured 
by the product of the force into its velocity 
and if similarly the counter activity of the 
resistance be measured by the velocities of 
its several parts, whether these arise from 
friction, adhesion, . weight, or acceleration, 
etc., then activity and counter activity in all 
combinations of machines wall be equal and 
opposite.” 

It should be noted that by the velocity 
Newton meant the component velocity in 
the direction of the force. This interpretation 
tells us that the lunetic energy of a system 
is increased by an amount equal to the work 
done in producing motion where the only 
resistance is that due to acceleration. Where 
the work is done against friction, however, 
the visible energy of the system suffers decrease. 
The principle of the conservation of energy, 
therefore, could not be regarded as established 
unless it could be shown that the visible 
energy thus apparently destroyed is propor¬ 
tional to the heat developed against friction. 

The idea that heat is a form of motion and 
therefore of energy is no modem contrivance. 

Before the time of Newton, Lord Bacon 2 
stated that “ the only conclusion that he 
could draw from the whole of his facts is a 
very general one, viz. that heat is motion.” 

He based this conclusion on a consideration 
of several means by which heat is produced 
or made to appear in bodies : as the percussion 
of iron, the friction of solid bodies, the collision 
of flint and steel, etc. “ In all these examples 
heat is produced, or made to appear suddenly, 
in bodies which have not received it in the 
usual way of communication from others, 
and the only cause of its production is a 
mechanical force or impulse or mechanical, 
violence.” 

Until the beginning of the nineteenth 
century, however, this pregnant suggestion 
of Bacon’s appears to have attracted little 

1 Recent Advances in Physical Science, pp. 32-34. 
s Black’s Lectures on Chemistry, i. 31-32. 


or no attention. Natural philosophers, worn 
retarded in their progress by their belief in 
the theory of caloric. The existence of fin im¬ 
ponderable, indestructible fluid termed calorie 
was practically assumed in all discussions on 
natural phenomena. 

Count Rumford was the first to question 
publicly the popular caloric theory, when ill 
1798 he gave an account of his experiments. 
He plaoed a hollow gun-metal cylinder beneath 
a blunt steel borer and observed that after 
the cylinder had mudo about a thousand 
revolutions its temperature had risen from 
60° to 130° F., while the scaly matter abraded 
by the friction weighed only 837. grains troy. 

“ Is it possible,” ho writes, “ that such a 
quantity of heat as would have caused fi lbs. 
of ico-ciold water to boil could have been 
furnished by so inconsiderable a quantity 
of metallic dust merely in consequence of a 
change in its capacity for heat ? ” 8 

The Oalorists, however, were not convinced. 
Even when Rumford proved that the capacity 
for heat of the solid was the same as that of 
the dust, they said that, although the heat 
required to change the temperature of equal 
masses was the same, yet the solid metal 
contained a greater quantity of heat than tins 
dust. 

Rumford answered that if the heat wore 
rubbed out of the material, a time must onmo 
when all its heat would bo exhausted, whereas 
there was no evidence that such was the ease. 
He also proceeded with further experiments in 
which the metal was immersed in water, and if 
we work out the results of those experiments 
we And that 940 foot-pounds of work would 
raise one pound of water through 1° F. His 
final argument was as follows: 

“ In reasoning on this subject we must not forget; to 
consider that moat remarkable circumstance, that 
the source of heat generated by friction in these 
experiments appeared evidently to be in exhaust ihlv, 

“ It is hardly necessary to add, that anything which 
any insulated hotly, or system of bodies, can continue 
to furnish without limitation cannot possibly be a 
malarial substance,. It appears to me to lie extremely 
difficult, if not quite impossible, to form any distinct 
idea of anything capable of being excited and com¬ 
municated in the manner in which the heat was 
oxoited and oomihunioated in these experiments, 
except it bo motion.” Ho adds, “ I am very far from 
protending to know how or by what means or 
mechanical contrivance that particular kind of 
motion in bodies which has been supposed to con¬ 
stitute boat is excited, continued, and propagated.” 

Rumford’s work was of the highest value. 
As Professor Tait remarks, it was throughout 
free from that a 'priori, style of reasoning 
which had hitherto been so fatal to tho 
progress of natural science. Had Rumford 
shown that tho heat developed by tho solution 

I a Rumford’s Complete Works, i. 478. 
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of a powder in acid was equal to that de- J 
voloped by the solution of the same mass of the 
solid, ho could have claimed the sole credit of 
having established the doctrine of the non- 
niafcoriality of heat. 1 

Almost immediately after the publication 
of Rumford’s paper, Sir Humphry Davy 
proved experimentally that two pieces of ice 
may bo melted by rubbing them together, 
and thus lie gave conclusive proof (although 
there is evidence that he himself at, the time 
did not perceive it) that heat is not a form of 
matter, and therefore his experiments are 
historically of the first importance. In a 
second series of experiments he so contrived 
that the friction between the lumps of ice 
took place in the exhausted receiver of an 
air-pump. He says: 

From this experiment it is evident that ice by 
friction is converted into water, and according to tlic 
supposition its capacity is diminished ; but it is a 
well-known fact that the capacity of water for heat is 
much greater than that of ice; and ice must have 
an absolute quantity of heat added to it before it 
can be converted into water. Friction, consequently, 
does not diminish the capacities of bodies for heat. 

It was not, however, till 1812 that he 
enunciated this proposition : “ The immediate 
cause of the phenomenon of heat then is 
motion, and the laws of its communica¬ 
tion are precisely the same as the laws of 
the communication of motion ” 2 ; and, on 
reflection, it seems extraordinary that the 
publication of the works of Rumford and 
Davy produced so little effect, and. that their 
conclusions should have been regarded merely 
as ingenious hypotheses until the time of 
Joule. 

It would bo impossible in any historical 
summary, however brief, to omit the name of 
Dr. Julius Mayer (1842), as he was the first 
to employ the phrase, the mechanical equivalent 
of heat, and thus enunciate in a distinct form 
the law of the Conservation of Energy. 3 

It is doubtful, however, if Mayer lias deserved all 
the credit which was in consequence at one time 
unsigned to him. The data on which 1ns conclusions 
were based were apt sufficient, while certain of his 
assumptions were undoubtedly erroneous. Mayor 
denied on morn than one occasion that Ireat depends 
on motion, and yet he has been called by some 
“ the discoverer of the modem theory of heat.” 
Nevertheless, he, ns it happens, rendered a service 
to the cauao of science by distinctly, although 
perhaps over boldly, enunciating a theorem of the 
highest imporfcanoo. In this ease no evil conse¬ 
quences resulted from the premature publication, 
for the work of Joule and of Golding (already partially 
accomplished) afforded satisfactory and complete 
experimental evidence of the truth of the proposition 
advanced by Mayor, 4 

1 lirccnt Advances in Physical Science, p. 42. 

a Memcnts of OheMical Philosophy, 1812, pp. 94-95. 

a Ann. Oh. Pham. xlii. 233. 

< See Phil. Mag., 1864, H. 151. 


§ (2) Joule’s Work. —The position at the 
time of the advent of Joule may be sum¬ 
marised as follows : 

Although not generally apprehended, the 
principle of the Conservation of Energy had, 
in its mam features, been enunciated by 
Newton. Rumford and Davy had demon¬ 
strated that heat is not matter; but their 
conclusion was not generally accepted. The 
school of Calorists still existed, and although 
the general principle of Conservation of 
Energy had been enunciated by Mayer, his 
data were so scanty, and often erroneous, 
that his conclusions carried but little convic¬ 
tion to men of science. What the situation 
demanded was rigorous experimental proof 
that apparent disappearance of energy, when 
work was done against friction, was invariably 
accompanied by the generation of a propor¬ 
tional amount of heat, and that this quantity 
of heat was independent of the maimer in 
which the work was done, or the nature of 
the materials employed. Hence the singular 
importance of Joule’s experiments. 

The actual numerical values obtained by 
him are, we now know, somewhat inaccurate, 
hut, at the same time, marvellously near the 
truth when we consider the conditions under 
which he worked, and more especially the un¬ 
satisfactory state of thermometry in his time. 

It is not so much the accuracy as the variety 
of the evidence supplied by Joule which claims 
our admiration. He did not content himself 
with the examination of some single case of 
transformation of energy. He investigated 
the heat caused by the friction between 
solids, and also that developed in overcoming 
fluid resistance, not only in the case of one 
fluid but of different fluids. 

Again, the manner of doing work was varied 
from the descent of weights to that performed 
by an electric current ha overcoming resistance. 

§ (3) Experimental Methods Criticism. 
—Tables I. and II. give the results of the 
chief determinations from 1842 to 1920 of the 
Mechanical Equivalent, i.e. the number of units 
of watts required to raise 1 gramme of water 
1° C. 

The values are all given in kilogramme- 
metres and therefore no exact comparison is 
possible unless the value of g is known at each 
place where the observations were conducted. 

If the English ones are multiplied by 
981-24 x 10® and the French by 980-94 x 10®, 
the result will give the value in ergs with 
a sufficiently close approximation for the 
purposes of a rough comparison, for it must 
be remembered that the temperature scales 
differ considerably, as also the mean tempera¬ 
ture of the range investigated. 5 


6 Since the heat required to raise 1 gramme of 
water 1° 0. depends somewhat on the temperature of 
the water, this must be specified before any exact 
comparison can be made (see § (7)). 





480 


HEAT, MECHANICAL EQUIVALENT OF 




Table I 

Direct Methods * 


Bate. 

Observer. 

Method. 

Result. 

j; 




IvlIoKninnmMmili'iW, 


1843 

Joule 

Friction of v-ater in tubes 

424-0 


» 

” 

Electromagnetic currents 

Decrease of heat produced by a piile when the 

•100 

442-2 

! 



current does work 

J 

j| 

1845 

» 

Compression of air 

Expansion of air 

443-8 

437-8 

il 

1 



Friction of water in a calorimeter 

488-3 


1847 

” 

„ „ 

428-9 

1 

1850 


„ „ „ 

423-9 

(■ 



Friction of mercury in a calorimeter 

42-1-7 




Friction of iron plates in a calorimeter 

425-2 

?! 

1857 

Favre 

Decrease of heat produced by a pile doing work 

421-101- 



Him 

Friction of metals 

371 -0 

ii 

1S5S 


3 > ,, 

40(1-151) 

[] 


Favre 

Friction of metals in mercury calorimeter 

413-2 



Hirn 

Boring of metals 

425 

ii 

1800-61 

” 

Water in friction balance 

Escape of liquids under high pressure 

432 

432, 433 

;j 

„ 

„ 

Hammering lead 

425 

ij 

)» 


Friction of water in two cylinders 

432 


” 

” 

Expansion of air 

Steam engines 

440 

420-432 


1805 

Edlund 

Expansion and contraction of metals 

428-3, 443-0 


1870 

Violle 

Heating of a disc between the poles of a magnet 

435 

•? 

1875 

Puluj 

Friction of metals 

425-2, 42(1-0 


1878 

Joule 

Friction of water 

423-9 


1878 

Rowland 

Friction of water between 5° and 30° 

429-8, 425-8 

ii 

1891 ' 

D’Arsonval 

Heating of a cylinder in a magnetic field 

421-427 

l{ 

1892 

Miculeseu 

Friction of water 

420-84 


1897 

Reynolds and \ 
Moorby J 

Friction of water, mean capacity 0° to 100" 

420-27 

s 



Table II 

• -I 



Indirect Methods 

| 

Date. 

Observer. 

Method, 

Result, 

. i* 

: 



By the relation of J=p a V 0 a/c i ,~c„ for gases 

KlllIKTOTIIJllIVtlllitil-tSt, 


1842 

Mayer 

305 


1857 

Quintus Icilius 

Heat developed in a wire of known resistance 

399-7 



Weber 

Heat due to electric currents 

432-1 


» 

Favre 'I 

Silberman / 

Heat developed by zinc on sulphato of copper 

432-1 


»» 

Bosscha 

Measure of E.M.F. of a Danioll’s coll 

432-1 

| 

1859 

Joule 

Heat developed in a Daniell’B cell 

419-5 


„ 

Bosscha 

E.M.F. of a Darnell's cell 

419-5 


,, 

Lenz-Weber 

Heat developed in wire of known resistance 

390-4, 478-2 

| 

1807 

Joule 

429-5 


1878 

Weber 

By the relation ’L~T{v*~v l )(dp/dl) 

428-15 


1888 

Perot 

424-03 


1889 

Dieterioi 

Heat of electric currents 

432-5 


1893 

Griffiths 

„ 9i 99 

427-45 


1894 

Schuster and I 
Gannon / 

Electric current, E. and 0. being known 

427-19 


1899 . 

Callendar and\ 
Barnes J 

» >1 » 

4-20-52 



* Preston’s Theory of Heat, with the exception of experiments completed since 1893. 

w , WI , s j 1 tor ftjrther information .concerning the work of other observers mentioned In 

glYCnby Pr0feSS0r AmeS in tllG 
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The mean of the values given in Table I. 
= 429-1. 

The mean of the values given in Table II. 
= 423-15. 

Mean of all = 427-16. 

The extreme values are 368 and 488 kilo¬ 
gramme-metres. 

It is evident that no certain conclusion can 
be drawn from values differing to so great 
an extent.- The only safe procedure is that 
of selection. In making such a selection we 
should be guided by the answer to the following 
questions : 

(a) Are the temperature determinations 
sufficiently accurate ? The answer will lead 
to wholesale rejection, especially in the earlier 
experiments. 

The difficulty and importance of temperature 
measurements were not sufficiently appreciated 
until within very recent times, and, unfortun¬ 
ately, an ei’ror in thermometry is, as a rule, 
a fatal one; for each thermometer has its 
own peculiarities and special causes of error; 
thus, no later increase in knowledge enables 
us to correct results unless the actual thermo¬ 
meters have been preserved and the condi¬ 
tions under which they were used fully recorded. 

Fortunately in two of the most important 
cases (viz. Joule’s and Rowland’s) the thermo¬ 
meters actually used have been preserved. 

In the former, however, our information is 
not complete, for we are not sufficiently 
acquainted with the exact conditions under 
which their readings wore observed by Joule. 
In the latter, a reBtandardisation has been 
accomplished under Rowland’s own direction, 
and thus the corrections can here be applied 
with far greater certainty. In both cases, as 
will be shown later, the results as originally 
published have, in consequence, undergone 
modifications which from our modem stand¬ 
point are considerable. 

(5) Has the author given us sufficient data 
to enable us to judge the probable accuracy 
of all the various measurements involved by 
liis method of experiment ? 

In this respect, also, the earlier determina¬ 
tions are at a disadvantage as compared with 
the later ones, for the importance of full 
information concerning the details of physical 
measurement has only been generally recog¬ 
nised in recent times. 

(c) Are we certain that the energy of the 
bodies under observation has undergone no 
modification during the experiment in con¬ 
sequence of molecular changes ? 

If we could accurately determine both the 
kinetic energy expended in hammering a nail 
and also the heat developed, it is not certain 
that the resulting value of the constant would 
be correct; for the condition as regards 
density, strain, etc., of the nail (and possibly 
of the hammer-head) might have undergone 


alteration and, in consequence of new molecular 
conditions, have gained, or lost, in energy. 

Now, we know that no permanent shearing 
strain can exist in a fluid, and if the external 
pressure is unaltered, the density will have 
undergone no change except that due to 
change of temperature. Hence, conclusions 
drawn from observation of work expended in 
heating a liquid are, caeteris paribus, of leading 
importance. 

It is not necessary to enter into further 
details of the considerations which have led 
to the selection of the experiments which are 
about to be discussed. Suffice it to say that 
a careful study of the writings of most of those 
authors who are mentioned in these tables 
has led to the selection from Table I. of the 
work of Joule, Rowland, and Reynolds and 
Moorby, and from Table II. the determinations 
of Griffiths, Schuster and Gannon, and 
Callendar and Barnes. 

The results obtained by Rowland, after the 
revision of his thermometry, should be con¬ 
sidered as of leading importance in the 
estimation of the numerical value of the 
constant; while the indirect methods of 
Griffiths, and above all of Callendar and 
Barnes, enable us to trace the changes in the 
capacity for heat of water, and thus render 
it possible to make a comparison of the values 
obtained by the different observers. 

If their results are expressed in gravitational 
units a comparison thereof is rendered difficult 
in the absence of knowledge as to the local 
value of <]. Throughout the remainder of 
this article (with the exception of the final 
conclusions) the values will bo given in the 
C.G.S. system, and the mechanical work done 
expressed in ergs or its multiple the Joule 
(1 Joule = 10 7 ergs). 

A further advantage of this method of 
measurement is that wo can express in the 
same units the work done by an electrical 
current or by mechanical means. If our 
electrical units are correct, then when the 
ends of a conductor whose resistance is 1 ohm 
are maintained at a potential difference of 1 
volt, the work done per second by the current 
must bo 10 7 ergs. lienee, if J be the constant 
giving the relation between the work done 
(in Joules) and the heat developed {la. the 
mechanical equivalent), then J = 10 7 /H, when 
II is the number of thermal grammes C.° 
developed per second. 

By whatever method the work is done, the 
Mechanical Equivalent expressed in this scale 
is the number of Joules required to raise 1 
gramme of water through 1° 0. Hence this 
number will also represent the capacity for 
heat of water at a given temperature, and the 
phrases “the Mechanical Equivalent” and 
“ the capacity for heat of water ” are 
transferable. 


von. x 


21 
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Whatever method of determination is 
adopted, the experimenter has two distinct 
sets of measurements to perform : 

(1) The accurate > determination in ergs of 
the change in the mechanical system ; 

(2) The measurement of the quantity of 
heat generated by the complete conversion 
of that number of ergs into the form of 
heat 

It is in the second of these measurements 
that the chief difficulties have presented them¬ 
selves. 

The measurement of the quantity of heat 
by the rise in temperature of a known mass 
of water is the method which has been almost 
universally adopted from the time that 
calorimetry became a branch of science. The 
choice is an unfortunate one, for not only 
is the accurate measurement of temperature 
amongst the most difficult of all measurements, 
but also the material selected, viz. water, is 
apparently capricious in its behaviour. 

Another method is by observation of the 
quantity of heat required to change the 
physical condition of a body, as, for example, 
a given mass of ice. The latter is one which 
possesses the great advantage that it is 
independent of temperature measurements. 
Unfortunately, however, the density of ice 
cannot be regarded as invariable, and the 
magnitude of the unit thus obtained is in 
some respects inconvenient. 1 

Whatever method is adopted, it should be 
borne in mind that the true primary unit is 
the heat equivalent of one erg. 

In order that the weight of the evidence 
in favour of the final conclusion may be 
rightly estimated, it is advisable to study in 
some detail the works of the selected observers 
above referred to. 

§ (4) Direct Experiments, (i.) Joule? 
—The mechanical method finally adopted by 
Joule in 1878 consisted in stirring water by 
means of a paddle which was rapidly turned 
by hand-wheels, shown at d and e (Fig. 1); 
the vessel was suspended by a vertical 
shaft b, which also carried a large fly-wheel 
/. The mass of the water and the water- 
equivalent of the calorimeter were care¬ 
fully determined, the rise in temperature was 
noted on a mercury-in-glass thermometer, 
and the work consumed in heating the water 
was measured by a dynamometer, which 
consisted of an arrangement for balancing 
the moment acting on the suspended calori¬ 
meter (owing to the revolution of the paddle) 
by a moment produced by the tension of the 
cords fastened tangentially to the calorimeter. 
The cords passed over pulleys and supported 
weights k If this moment is constant and 
is called M, and if the number of revolutions 

1 See Appendix II. 

8 Scientific Papers, i. 632-657. 


per second of the paddle is N, the voik done 
per second is 27rMN. 

In order to reduce the metallic friction as 
far as possible, the base of the calorimeter 
rested on a liydraulic supporter, which con¬ 
sisted of two concentric vessels v and v\ 
the space between them being filled with water. 
The three uprights attached to w pressed 
against the base of the calorimeter and 
reduced the pressure on the bearing at o 
nearly to zero. 

Joule’s calorimeter had a water equivalent 
of 313-7 grammes of water at 15*5° (1. ; the 
mass of water used in an experiment, w-as 
about 5124 grammes, oaoli experiment lasted 



Iria, 1. 


41 minutes, and the observed rise in tempera¬ 
ture was about 2-8° 0. The mean of his 
results gave 772*05 foot-pounds at Manchester, 
as the quantity of work required to raise the 
temperature of one pound of water I degree 
F. on his mercury-in-glass scale at 01-09" F. 
Changing to the centigrade scale and to the 
C.G.S. system. Joule’s iwdt may be stated 
as follows: the quantity of work required 
to raise the temperature of 1 gramme of 
water 1 degree centigrade on his mommy-in- 
glass thermometer at 10-5° is 4-107 x 10 7 ergs. 

In 1895 Professor Schuster !) compared 
Joule’s thermometer with a Tonnolnt thermo¬ 
meter which had been standardised in terms 
of the nitrogen thermometer of the Bureau 
International at Shvres; and in this way 
was able to recalculate Joule’s value for the 
mechanical equivalent. Rowland also, when 
reviewing this experiment of Joule's, culled 
attention to certain errors in the determination 
a Phil. Mag., 1895, xxxix. 477-600. 
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lit u «itc. i -('< 111 i valoiit of the calorimeter, 
■10 v.iuo uu , m consequence, been under- 
"HC>d hy nearly 1 part in 100 0. Tho 
■t in hwiiU, is gi ven by Schuster as follows : 
lajmmty fur heat of I gramme of water at 
(, 1 ii-t'iH nitrogen scale is 4-173 x 10 7 ergs, 
is value dilTm-H by ] part in 400 from determina- 
"tii'lo by Howland and others. In fact the 
• live ohHoryutioim from which Joule calculated 
ml yano give msults which differ by more than 
.wnl I mm each ofj.or, and his thermometer did 
I'rniit I it- miiNt, accurate reading of temperature. 
laiiHr ot thcfir discrepancies is to bo found in 
(HindilioitM of the, experiment: irregularity of 
timiig, wluuh was done by hand, incomplete 
\ ium , 1,w of by radiation, and insuffi- 

liiiiiwlcdge of tho variations in the readings of 
iry-m-gmtm thermometers caused by variations 
"° IU ‘tinns under which they are used and 
imimnl, 

) Itiwtnnd. -In the years 1878 and 1879 
' m [ r Rowland of the Johns Hopkins 
ivrsity, liultimoro, performed a series of 
•inumtH for tho determination of tho 
•ity for limi t of water at different tempera- 
. U rn method was in principle the same as 
nl Jouln, although devised independently, 
menus of a petroleum engine, a specially 
nod paddle-wheel was turned at a rapid 
(200 to i2;*R) revolutions per minute) 
calorimeter which was suspended by a 
and which was prevented from turning, 
till 1 paddle was revolving, 
i-niw of a moment applied 
rights, The water-equi. 
t of the calorimeter was 
ram men, and tho rise in few 


(t — S)° to (f+5)° was called the specific heat 
at t° C. All corrections for losses due to 


raniinew, mm titio rise in_feu 

mature was about 0-0 per |“ o ®o„o 5 ^%|: 
!■■**• 1111,1 wiw obHorved on 
>nl momiry-iu-giass ther- 
'tors, TIioho thermo- 

a had all hetm compared 
a eimstnivt volume air- 
.oineler, and the readings lo°o°Qfelffl M 
ill finally reduced to the 
date aeulo ” ; the results 
loniHou and Joule’s ex- 
eiits on t he expansion of 
trough a porous plug v 

used to make the necos- 
eorm-lions to the air- _„„ „ , 

"meter temperatures. suspended by a 
the temperature was Axis of padil 
through any range, e.g. Ina y^weij 
8“ to 3() f> ( !., readings couple acting on 

.. »,«*«**>■ erasatr; 

for well degree ox* half rounded the ealo: 
a and in this way any 
ijierimi'nt. gave a great number of de¬ 
lations of the capacity for heat. The 
was calculated for 10° intervals, and 
nth of that repaired to raise the tem- 
iro nf one gramme of water from 
Pm, American Academy, No. 1880-81. 
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Fias. 2 and is a vertical shaft supporting calorimeter and 

suspended by n torsion wire. 

Axis of paddle passed through base of calorimeter and was connected 
with shaft ef, which was kept in uniform rotation by the driving engine. 

o and p, weights attached to silk tapes passing round wheel M, tlm 
couple acting on calorimeter being thus measured (corrections being applied 
for the torsion of tlie suspending wire). The 'moment of inertia could 
be varied by moans of tho weights <i and r. A water - jacket ut sur¬ 
rounded the calorimeter and was used for the estimation of the radiation. 


radiation, variations in speed of paddle, etc., 
were carefully considered and made. 

Rowland’s method of using his meroury thermo¬ 
meters was different from that which lias been 
universally adopted within tho past fow years owing 
to the efforts of Professor Pemet of Ziirioli, and of 
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MM. Chappuis and Guillaume of the Bureau Inter¬ 
national and the scale of his air-thermometer in 
terms of other thermometers used by later observers 
was not known. In 1897, therefore, a senes of com¬ 
parisons was undertaken at the Johns Hopki 
University between Rowland’s thermometers, three 
Tonnelot mercury thermometers standardised at the 
Bureau International, and a Callendar-Griffiths 
platinum thermometer. The result has been a 
recalculation of Rowland’s figures. In the follow 
ins table the values for the specific heat are given 
as Rowland first published them, and as recalculated 
bv Day, 1 and by Waidner and Mallory. 2 
• Professor Pemet has also endeavoured to recalcu¬ 
late Rowland’s values from a careful study of Baudm 
thermometers of the same glass and construction as 
those of Rowland. His figures are almost exactly 
1 part in 400 less than those determined by Day 
and by Waidner and Mallory, and in such a case as 
this one must have the greater confidence in the 
direct comparisons. 


Table III 


Tempera¬ 

ture. 

Rowland’s 

Original 

■Values, 

Absolute 

Scale. 

Recalculated 
by Day, Paris 
Hydrogen 
Scale. 

Same 
reduced to 
Paris Nitrogen 
Scale. 

Recalculated 
by Waidner 
and Mallory, 
Paris Nitrogen 
Scale. 

°c. 

5 

10 

15 

20 

25 

30 

35 

Ergs. 

4-212 x 10 7 
4-200 

4-189 

4-179 

4-173 

4-171 

4-173 

4-196 xlO 7 
4-188 

4-181 

4-176 

4-174 

4-175 

4-194 xlO 7 
4-186 

4-180 

4-176 

4-174 

4-175 

4-195 xlO 7 
4-187 

4-181 

4-176 

4-175 

4-177 


Rowland took pains to vary all the con¬ 
ditions of his experiments as much as possible, 
running his engines at different speeds, using 
different thermometers, carrying his. observa¬ 
tions over different ranges and making in all 
thirty series of observations. Therefore great 
weight must be given to his determinations. 
The only criticisms that can be made are 
that the range of 10 degrees is too large if 
the capacity for heat at the mean temperature 
is desired, and that the radiation correction 
is uncertain at and above 30°. As Rowland 
himself says : “ The error due to radiation is 
nearly neutralised, at least between 0° and 
30°, by using the jacket at different tempera¬ 
tures. There may be an error of a small 
amount at that point (30°) in the direction 
of making the mechanical equivalent too 
great, and the specific heat may keep on 
decreasing to even 40°. ” 

Professor Ames’s criticism on this work 
is as follows: 


Rowland estimates his possible error at less than 
2 parts in 1000; and, now that his thermometrio 
readings have been recalculated, the possible error is 
probably reduced to less than 1 part in 1000, unless 
there was a constant or systematic error, which is 
most improbable. Rowland’s method of making 


1 Phil. Mag., 1898, xlvi. 1-29. 

3 Physical Review, 1809, viii. 193-236. 


thermometrio reading* 1 b one which is liable to serious 
error, and it is possible that m the rcca culatums 
made by Day, and by Waidner and Mallory, the 
thermometers were not used m identically the same 
manner as they were originally. 'J here is no obvious 

reason, however, for believing, as Hornet does that 
there is a systematic error in Rowland s research. 


(iii.) Reynolds ctsid Mootby I ho experi¬ 
ments of Reynolds and Moorby are also 
examples of physical work of the highest 
order. In 1897 they published an account 
of their determinations of the moan specific 
heat of water between 0° and 100° (l J im 
apparatus used was of such a nature that 
it is not possible to convoy, in a brief doscrip- 
tion, any clear idea of the machinery and its 
connections; therefore attention will only 
be called to the manner in which the work 
was controlled and estimated. The general 
idea is that of a hydraulic brake attached 



Fig. 4.—This figure allows the Hydraulic Brake lugged 
with cotton-wool covered by llauuel, the brake 
projecting from It towards the left. 


to the shaft of a triple expansion 100 horse¬ 
power engine making 300 revolutions per 
minute. 

The water enters the brake at, or near, 0“ 0. 
and runs through it at such a rate that it 
issues at, or near, 100° 0., the work expended 
on the water being estimated by moans .of a 
dynamometer consisting of ft lever and weights 
fastened to the brake. The whole of the 
work done being absorbed by the agitation 
of the water in the brake, the moment of 
resistance of the brake at any speed is a 
definite function of the quantity of water in 
it. Except for this moment the unloaded 
brake is balanced, on the shaft, the load being 
suspended on tho brake lover at a distance 
of 4 feet from tho axis of the shaft. If the 
moment of resistance of the brake exceeds 
the moment of this load the lever rises, and 
vice versa. By making this lever actuate 
the valve which regulates the discharge 
from tho brake, the quantity of water is 

» Phil. Trans. Roy, Soo. A, 1897. 
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continually regulated to that which is just 
required to support the load with the lever 
horizontal, and thus a constant moment of 
resistance is maintained whatever the speed 
of the engines. 

In order to eliminate as many errors as 
possible, throe “ heavy trials ” were made in 
succession, followed by three “ light trials,” 
each trial lasting bO minutes, and the difference, 
in the two eases, “ heavy ” and “ light,” of 
tho ‘ mean work per trial ” and the difference 
of the u mean heat per trial ” were taken as 
equivalent. 

In a “ heavy trial,” the dynamometer was 
adjusted to a moment of 1200 foot-pounds, 
and tho quantity of water run through in the 
00 minutes was about 900 pounds; in a 
“ light trial ” the moment was generally 
000 foot-pounds, and the quantity of water 
run through in tho 00 minutes was about 
475 pounds, although six trials were made 
with the moment at 400 foot-pounds. As it 
was only necessary to determine tempera¬ 
tures in the neighbourhood of 0° and 100° C., 
tho results are almost independent of the 
nature of tho temperature scale, as all tempera¬ 
ture scales must be in agreement at the two 
standardising points, while the temperature 
range was so great that an error in aotual 
■elevation at either end of it would have but 
a small effect. Again, the large scale on which 
the experiments were conducted would tend 
to diminish the effect of inaccuracies in the 
measurements of the thermal loss by radia¬ 
tion, etc. The most minute attention was 
paid to all possible causes of inaccuracy, and 
there is no apparent constant source of error 
in the final results. 

When their value is expressed in ergs, it 
becomes 4*1838 x 10 7 ; that is, the mean 
capacity for heat of unit mass of water between 
0° and 1.00° 0. is 4*1833 x I0 7 . 

Unfortunately tho work of Reynolds and Moorby 
does not afford us much assistance in our efforts to 
determine the actual value of tho heat equivalent. 
Assuming the validity of their conclusions, wo know 
how many ergs (or primary units) are required to 
raise the temperature of 1 gramme of water from 0° 
to 100° ; but wo are unable to compare tlioir results 
with the values obtained by Joule and Rowland, 
unless we know the relation of the moan thermal unit 
over the range 0° to 100° to tho thermal unit at the 
temperatures covered by the .experiments of those 
observers. It is quite certain that the number of 
primary units required to raiso 1 gramme of water 
through 1° at different temperatures is not the same ; 
lienee it is impossible in the present state of our know¬ 
ledge to ascertain if Reynolds and Moorby’s results 
are coincident with those obtained by other in¬ 
vestigators. 

On tho other hand, if wo assume tho validity of the 
result obtained by Reynolds and Moorby, ar d 
compare it with tho numbers given by Rowland, ^ 
can find tho value of tho mean thermal unit in t^ s 
of a thermal unit at some definite temperr turo . 
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a piece of information of great value when we 
remember that no use can be made of the Bunsen’s 
calorimeter methods in the absence of such knowledge. 

§ (5) Indirect Methods. —We.now pass to 
the consideration of indirect methods, many of 
which were first employed by Joule. At various 
times he estimated the heat developed by 
electromagnetic currents, the decrease of heat 
m a voltaic cell when the current does work 
compression and expansion of air, etc. 

Attention has already been called to the 
great variety of experiments performed by 
Joule, and if would be difficult to over¬ 
estimate the importance of this variety as 
evidence that all forms of energy can be 
expressed as heat. For the purpose of our 
present inquiry, however, viz. the exact 
determination of the equivalent, his indirect 
determinations are of little use. 

(i.) Griffiths, 1 1888 to 1893. —The chief 
objects of this investigation were (1) an 
examination of the validity of our system of 
electrical units, and (2) a study of the changes 
in the specific heat of water, as the only 
information possessed at the time was that 
drawn from the experiments of Regnault and 
Rowland. The former indicated a steady 
increase from 0° C. upward, while Rowland 
found a decrease over the range 5° to 30° 0. 

Professor Ames wrote as follows : “ E. H. 
Griffiths of Cambridge, England, devised a 
method for the determination of the specific 
heat of water by the use of the heating effect 
[ of an electric current, which is, to a large 
extent, free from the errors connected with 
the previous methods in which electric currents 
were used (Fig. 5). 

"If a c °il of wire carrying a current is 
immersed in water any one of the three 
following methods may be used to determine 
the energy spent in raising the temperature 
of the water: 

(1) Meaajire 2 E, C, and t. 

(2) Ms agure Cy-jl^^and t. 

(^) Measure E, R, anc'PtS^.^^ 
Griffiths J se d the third method, although 
for many reP sona p j s the most difficult. The 
obvious chg ou ity ii es j n the measurement of 
’ bGCa \ T se, unless measured actually during 
the profr ress 0 f the heating experiment, it 
ls . noce & a ry to know the temperature of the 
w™ 4nd the temperature coefficient . of its 
reliance. ; and its temperature is not that of 
^ surrounding water. Griffiths thought to 
°*iViate this difficulty by making a series of 
®'i us; diary experiments which were designed 
to give the difference in temperature between 
the water and the wire when the former was 
at a known temperature and an E.M.F. of 

1 Phil. Trans. Ron. Soc. A, 1893 ; Proo. Roy. Soc., 
1894, lv.; Phil. Mag., 1895, xl. 

a E = electromotive force; C = current; It re¬ 
sistance ; f rise of temperature. 
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known strength was applied to the latter 
The resistance of the wire was. then meaau ea 
at a known temperature and its tempeiatu 
coefficient was also measured; thereto^, 
when in the course of a heating ex E 
the temperature of the water was ’ d _ 
resistance of the wire could be ‘ ‘ 

Griffiths found also that most rapM and 
thorough stirring of the water was neeessaiy 



FIG. 5.— Section of Constant Temperature Chambor in which the 
Calorimeter was suspended by Glass Tubes. 
a up n larae steel vessel with double walls, the annular space 

O 8 A smKream of water flowed continuously into the tank, 
the excess passing away at W. The temperature of the incoming 
water" was ^controlled by the regulator which was governodby tlm 
T>-»oaa nf iTiprcnrv ({'vcGEclinc 70 libs.) within tlio wtills , , , • 
very constant temperature could thus ^ 
cfppi vpq^p 1 The snace between the caLoii meter anu wio 
walls was thoroughly dried and the pressure reduced to less than 
1 mm. 


observations of the temperature and time 
were made every degree. I he E M. I . used 
varied from that of three to mx Clark colls. 
Experiments were made using different 
Quantities of water ; and by taking dijjmnms 
in the energy and the heat produeed in the 
different sets, many errors were eliminated, 
and the water-equivalent of the calorimeter 
disappeared from the equation. In the end, 
therefore, the method depended on the in¬ 
troduction of 120 grams of water into the 
calorimeter, this being the difference between 
the quantities used in two trials. , 

“ Griffiths measured his 
E.M.F. in terms of the Caven¬ 
dish standard (dark cell ; his 
resistance in terms of the ‘ B.A. 
ohm of 184)2,’ which is the 
‘ International Ohm ’ as de¬ 
fined in 189!) ; his time by a 
‘rated’ chronometer; and his 
temperature by a .1 licks 
mercury thermometer which 
had been compared with a 
Gallcndar - Griffiths platinum 
thermomotor and also with 
a Tonnolot thermometer 
standardised at the Bureau 
International. In accordance 
with the work of Gla/.ehrook 
and Skinner ho assumed the 
E.M.F. of the Clark cell at 
15" 0. to bo 14344 volts, and 
its temperature coefficient to 
bo 1 + 0-00077 (15° — t), 

“ Later, Schuster cull oil 
attention to an error of one 
part in four thousand due to 
the capacity for heat of the 
displaced air, 1 but this was 
neutralised by the fact that 


in order to secure consistent or satisfactory 
results. He designed a most efficient stirrer 
which made about^^joOl revolutions per 
minute, the.rgrTn’tempera{U re produeed by 
the stir^ r alo ; e being in some 
xE" i’o per cent of the whole V vork s P cnt m 
miig tte temperature. The 
rection, owing to this, was ascertained by a 
series of preliminary experiments. ■ 

“ Griffiths’ apparatus (Fir,. 6) consisted of a 
platinum wire (diameter 0-004 m. (0-0ij ^). 

length 13 in. (33 cm.), resistance about 9 « 
coiled inside a cylindrical calorimeter, 8s cm. 
in height and 8 cm. diameter, whose water- 
equivalent was 85. This wire was heatedby 
means of a current from storage 
terminals of the wire were maintained at a 
constant difference of potential by balancing 
against sets of Clark cells; and, w ii © ® 

. temperature of the water contained m the 
calorimeter was raised from 14 o «) •> 

the time varying from forty to eighty minutes, 


there was a slight probable error discovered 
in the estimation of the E.M.F. of the Clark 
cells used by Griffiths, 2 reducing the value to 
1-4342 volts at 15° 0. 

“ Hence Griffiths’ final values are : 

15° 0. nitrogen scale, 4-14)8 x 1() 7 ergs. 

20° „ „ 4*192 x 10 7 „ 

25° „ ,> 4*187 x 1() 7 „ 

“ In criticism of the method, it may he said 
that using as small quantities of waiter m 
Griffiths did, always practically under the 
same external conditions, there is more 
opportunity than should he for systematic 
errors and for errors duo to radiation cor¬ 
rections. In this connection reference must 
be made to criticisms by Schuster ■' and t< > this 
reply by Griffiths.” 4 

\ It will he seen from this summary by 

v 1 Phil. Trans. Hoy. Sac. A, 184)45, elxxxvi. 

2 Phil. Mat,., 384)6, xl. 

8 Phil. Trans. A, 384)5, olxxxvl. 

4 Phil. Mag., 1806, pp. 481-464. 
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Professor Ames that the results of Griffiths’ 
work lead to the conclusion that (assuming 
the value of J obtained from Rowland’s 
revised experiments) there is at all events no 
error exceeding 1 in .1000 in the value of our 
electrical units ; but that there is an indication 
of a possible error of some such magnitude 
in the electro-chemical equivalent of silver, 
or in the E.M.E. of tho Clark cell, an indica¬ 
tion which (as we shall see later) is strengthened 
by tho work (if Schuster and Gannon, Kahle, 
Patterson and Guthe. 

A comparison of the curves resulting from Row¬ 
land’s work and Griffiths’ proved that they could 
not both be correct in their thermometry, and this 
of course excited suspicion as to any conclusions 
regarding the value of the electrical units. The 
revision of Rowland’s thermometry was partly duo 
to this discrepancy, and tho double restandardisa¬ 
tions by different methods were, as wc have seen 
(Table III. supra), in agreement with each other, 
while the resulting corrections caused Rowland’s 
ourvo of the changes in capacity for heat to be almost 
parallel with Griffiths’ over the range of his experi¬ 
ments. This parallelism did not mean that the value 
of J, obtained by the assumption of the validity of 
the electrical units, was coincident with Rowland’s, 
but that their remaining differences wero probably 
due to the nature of the calorimetric determinations, 
or to some hitherto undiscovered error in the system 
of electrical measurements. 

(ii.) Schuster and Gannon, 1 1895.—These 
observers also measured the heat developed 
by an electric current when overcoming 
resistance : but in this case the work was 
estimated by observation of E and C, the latter 
by the use of a silver voltameter (see Fig. 7). 

The rise in temperature was determined by 
a Baudin mercury thermometer, which was 
compared directly with a Tonnelot thermo¬ 
meter standardised at the Bureau Inter¬ 
national. The calorimeter had a water- 
equivalent of 27 and the mass of water used 
was about 1514 grammes. The heated wire 
was of platinoid, 700 cm. long and of about 
31 ohms resistance. The E.M.E. was pro¬ 
duced by storage cells, and was constantly 
balanced against twenty Clark cells. The 
resulting current was in the neighbourhood 
of 0-9 ampere, and passed in series through 
a silver voltameter consisting of a silver plate 
and a platinum bowl 9 cm. in diameter and 
4 cm. deep, whoso weight was approximately 
64 grammes. An experiment lasted ten 
minutes, during which about 0-56 gramme of 
silver was deposited, and the temperature of 
the water was raised about 2-2° G. AH experi¬ 
ments were performed in the neighbourhood of 
19'6°. Tho final result is the mean of six ex¬ 
periments which agree closely with each other. 

The result of their investigation gives— 

Capacity for heat of water at 19-1° 0. on 
nitrogen scale = 4-1905 x 10 7 ergs. 

1 Phil. Trans. Hoy. Soc. A, 1805, clxxxvi. 


These experiments were conducted with the 
skill and accuracy which we necessarilyassociate 
with the name of Professor Schuster : “ Never¬ 
theless ” (to quote Professor Ames again), 
“ there are seve¬ 
ral criticisms 
which may 
be offered 
to this re¬ 
search. There 
was only one 
voltameter used 
throughout, and 
none of the con¬ 
ditions were 
varied. The 
radiation correc¬ 
tions were most 
carefully con- 
> sidered, but no 
details are given 
of the stirring or 
of any correc¬ 
tion for it. 

Griffiths in his 
investigation in¬ 
sists strongly on 
the need of 
thorough, not 
to say violent, 
stirring. 

“ These facts 
make the final 
result uncertain 
to an extent 
which it is diffi¬ 
cult to estimate, 
but which prob¬ 
ably is not 
large, If, 2 .as 
seems probable 
from the work 
of Kahle and 
Patterson and 
Guthe, the elec¬ 
tro-equivalent of 
silver is 0-001119 
instead of 
0-001118, Schus¬ 
ter and Gannon’s 
value for the 
specific heat at 
19-1° becomes 
4-189 xlO 7 ; and, 
if a consequent 
error of one part 
in a thousand is made in the assumed value 
of the E.M.E. of their Clark cell, the corrected 
result is 4-185 x 10 7 .” 

Certain other possible causes of slight inaccuracies 
present themselves. The form of stirrer adopted 

a This is not borne out by the later determinations 
of the electro-chemical-equivalent. The value 
0-001118 is now adopted. 



Fig. 0.—Section of Calorimeter 
showing the stirring arrange¬ 
ments at D by which the 
water was drawn through the 
bottom of the cylinder AB, 
and thrown against the roof 
of the calorimeter. 

The platinum coil is not shown 
in this section, as it was wound 
in a horizontal circle placed near 
the base of the vessel, the rack on 
which it was wound being sup¬ 
ported by the rod indicated by 
tile (lotted lines to the right of 
the thermometer bulb. At the 
top of the stirrer'Shaft is shown 
the counter which recorded the 
number of revolutions. 
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was a plunging one and the calorimeter was not air¬ 
tight. It is probable that the correction for the 
latent heat of evaporation during a rise of tempera¬ 
ture exceeding 2° C. might be appreciable. The 
authors refer to this matter as follows: “ Evapora¬ 
tion will produce a certain amount of cooling of the 
calorimeter, if that is not perfectly enclosed; but 
unless the rate of evaporation changes with the 
temperature, the effect will only be a lowering of 
temperature by a constant quantity. The rate of 
cooling can only be affected by evaporation in so far 
as it increases with the temperature, and since for 
small changes it would vary as a linear function of the 


through a fine tube is heated by a steady 
electric current through a central conductor 
of platinum. The steady difference of tempera- 
ture between the inflowing and outflowing 
water is observed by means of a differential 
pair of platinum thermometers at cither end. 
The bulbs of these thermometers are sur¬ 
rounded by thick copper tubes which, by 
their conductivity, serve at once to oq ualiso 
the temperature, and to prevent the generation 
of heat by the current in the immediate neigh¬ 
bourhood of the bulbs of the thormomoters. 




v«v/ 




temperature, any error due to evaporation is elimin¬ 
ated by the cooling correction.” 

The International Committee on Electrical Units 
and Standards, in their report January 1912, 1 state 
that they are unanimous in the conclusion “ that 
voltameters in which filter paper is used as a septum 
lead to results which are too large.” 

Messrs. Schuster and Gannon state that the silver 
plate was “ protected by filter paper.” 2 

It is also necessary to remember that Schuster 
and Gannon did not trace the value of the secondary 

p , - 

r n — f central aonctuetor 

C |tly n ^ ou , Glass eaeuum jacket 

Fig. 8. 


The leads CC servo for the introduction of 
the current, and the leads PP, which arc 
carefully insulated, for the measurement of 
the difference of potential on the central 
conductor. The flow-tube is constructed of 
glass, and is sealed at either end, at some 
distance beyond the bulbs of the thermometers, 
into a glass vacuum jacket, the function of 
which is to diminish, as much as possible 
the external loss of heat. The whole is 
enclosed in an external 
1 ' x copper jacket (not 

shown in the figure), 
^J'C containing water in 

* rapid circulation at a 

nnn «fn.n t, tivni r torn! u re 


unit over any appreciable range of temperature, all 
their observations being confined to a rise of about 
2-2° G. in the neighbourhood of 19° 0. 

(iii.) Callendar and Barnes . 3 —The following 
description is extracted from a report by 
Professor Callendar to the British Association 
in 1899: 

“ The general principle of the method, and 
the construction of the apparatus, will he 
readily understood by reference to the diagram 
of the steady-flow electric Calorimeter given 
in Fig. 8. A steady current of water flowing 

1 International Com. on Electrical Units, Washing¬ 
ton Government Printing Office. 

* Phil. Trans. Roy. Soc. A, 1895, p. 422. 

3 Proc. Roy. Soc., 1900; Phil. Trans. Roy. Soc. A, 
exeix. 


maintained by means of a very delicate 
electric regulator. 

“Neglecting small corrections, the general 
equation of the method may bo stated in tlio 
following form : 

ECf = JMdfl + H. 

“ The difference of potential E on the central 
conductor is measured in terms of the Clark 
cell by means of a very accurately calibrated 
potentiometer, which serves also to measure 
the current G by the observation of the 
difference of potential on a standard resistance 
R included in the oircuit. 

“The Clark cells chiefly employed in this work 
were of the hermetically sealed type described 
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by the authors in the Proc, Roy. Soc., October 
1897. They were kept immersed in a regulated 
water-bath at 15° C., and have maintained 
their relative differences constant to one or 
two parts in 100,000 for the last two years. 

“ The standard resistance R consists of four 
bare platinum Bilver wires in parallel wound 
on mica frames and immersed in oil at a 
constant temperature. The coils were an¬ 
nealed at a red heat after winding on the 


Clark cells 



Fro. 0.—Diagram of the Electrical Connections, 


mica, and are not appreciably heated by the 
passage of the currents employed in the work. 

“ The time of flow t of the mass of water M 
was generally about fifteen to twenty minutes, 
and was recorded automatically on an eleotric 
chronograph reading to • 01. second, on which 
the seconds were marked by a standard clock. 


difference was probably in all cases accurate 
to '001° C. This order of accuracy could 
not possibly have been attained with mercury 
thermometers under the conditions of the 
experiment. 

The external loss of heat H was very 
small and regular, owing to the perfection 
and constancy of the vacuum attainable in the 
sealed glass jacket. It was determined and 
eliminated by adjusting the electric current 
so as to secure the same rise of temperature 
dd. for widely different values of the water- 
flow. 

The great advantage of the steady-flow 
method as compared with the more common 
method in which a constant mass of water 
at a uniform temperature is heated in a 
calorimeter, the temperature of which is 
changing continuously, is that in the steady- 
flow method there is practically no change 
of temperature in any part of the apparatus 
during the experiment. There is no correc¬ 
tion required for the thermal capacity of the 
calorimeter ; the external heat loss is more 
regular and certain, and there is no question of 
lag of the thermometers. Another incidental 
advantage of great importance is that the 
steadiness of the conditions permits the attain¬ 
ment of the highest degree of accuracy in the 
instrumental readings. 

“ In work of this nature it is recognised as 
being of the utmost importance to be able 



“ Tho letter J stands for the number of 
joules in one calorie at a temperature which is 
the mean of the range d() through which the 
water is heated. 

“ The mass of water M was generally a 
quantity of tho order of 500 grammes. After 
passing through a cooler, it was collected and 
weighed in a fared flask in such a manner as 
to obviate all possible loss by evaporation. 

“ The range of temperature dd was generally 
from 8° to 10° in the series of experiments on 
the variation of J, but other ranges were tried 
for the purpose of testing the theory of the 
method and the application of small correc¬ 
tions. The thermometers were read to the 
ten-thousandth part of a degree, and the 


to detect and eliminate constant errors by 
varying the conditions of the experiment 
through as wide a range as possible. In 
addition to varying the electric current, the 
water-flow, and the range of temperature it 
was possible, with comparatively little trouble, 
to alter the form and resistance of the central 
conduotor, and to change the glass calorimeter 
for one with a different degree of vacuum, 
or a different bore for the flow-tube. In all 
six different calorimeters were employed, and 
the agreement of the results on reduction 
afforded a very satisfactory test of the 
accuracy of the method.” 

In 1902 1 Dr, Barnes published a very full 
* Phil. Trans. Roy. Soc. A, exeix. 
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account, together with a discussion of the 
results. 

His final value at 20° C. of the nitrogen 
scale is 4-478 x 10 7 ergs. He assumed the 
Clark cell value as 1-43325 International volts 
at 15° C. and the true ohm as 1-01358 B.A. 
units. 

§ (6) Comparison op Results : 


the value of cr t obtained by Bosscha’s reduction 
of Regnault’s experiments 1 was almost uni¬ 
versally accepted, and the changes in the 
specific heats of other bodies than water were, 
in nearly all cases, dependent thereon. 

A study of Regnault’s paper, 2 however, will 
lead to the conclusion that Regnault, with 
two exceptions, performed no experiments 


Table IV 


Capacity for Heat op Water per 1° op the N Thermometer 


Name. 

Method. 

Standards. 

Results. 

Temperature. 

Joule .... 

Mechanical 


4-173 x 10 7 

1C-5° 




j 4 -105 

10° 

Rowland 

» 


1 4-187 

1 4-181 

15 

20 




(4-177 

25 

Reynolds and Moorby . 

» 


4-1833 

mean caloric 

Griffiths .... 

111 2 

Electrical — • t 

f Clark cell = 1 -4342 
(International ohm 

1 4-198 
- 4-192 
(4-187 

15° 

20 

25 

Schuster and Gannon . 

E. G. t 

f Clark cell =1-4340 I 

\ El. Ch. E. of Ag ==0-001118 / 

4-1905 

10-1° 




1 4-193 

10° 

Barnes 

E. C. t 

/Clark cell = 1-4333 

| 4-184 

15 

(Ag=0'001118 

I 4-178 

20 




(4-175 

25 


The discrepancy between the values given 
in the above table is, in reality, much less than 
would appear from a casual inspection. Before 
coming to any final decision, it is necessary 
to study the evidence regarding the variation 
in the capacity for heat of water, and in this 
connection to consider also such evidence as 
we possess which is independent of any 
determinations based upon the transformation 
of energy. Again, discrepancies arising from 
the different values assigned to the Clark 
cell by the observers must be taken into 
account. 

§ (7) The Variation in the Capacity 
for Heat of Water due to Changes in 
Temperature.— Throughout this section C* 
indicates the number of ergs required to raise 
1 gramme of water through 1° of the hydrogen 
scale at a temperature of t° C. 

The specific heat a t at any temperature t° 
C. is the ratio CJCg, where d is some selected 
standard temperature. It is evident that the 
value of <r t thus ascertained is not affected 
by inaccuracies in the magnitude of the 
electrical units, hence the peculiar value of 
such methods for the determination of its 
change consequent on change of temperature. 
Thus, although electrical methods may be of 
secondary importance when the object is 
the determination of the numerical values 
of Ci, they are of primary importance in the 
attempt to trace changes in the value of cr t 
consequent on changes of temperature. 

Until the publication of Rowland’s work 


concerning the specific heat of water below 
107° C., and these were only made with the 
view of testing the working of the apparatus, 
and that Regnault himself attached no import¬ 
ance to them. After discussing his results 
over the range 107° to 190° CL, he stated what 
would be the nature of the variation between 
0° and 100° if deduced by extrapolation of the 
experimental curve obtained at the higher 
range. 

Bosscha discussed Regnault’s experiments, 
made several small corrections, found an 
equation which in his opinion closely repre¬ 
sented the results over the range 107° to 190°, 
and then assumed that the expression held 
good down to 0° C. 

It lias been necessary to dwell upon this matter, 
for succeeding investigators who have endeavoured 
to find the speoific heat of various bodies and also 
the changes therein with change of temperature 
have, in general, reduced their results to a standard 
temperature by these extrapolated values. Hence 
the majority of their conclusions require the revision 
rendered necessary by our knowledge that the changes 
in <r t differ both in magnitude and in direction from 
the changes at higher temperatures. Unfortunately 
such revision is rarely possible, as the required data 
are not usually given, for the observer has had such 
confidence in Regnault’s supposed values that ho 
has considered them unnecessary. 

Rowland’s conclusion (1879) that, so far 
from increasing, the value of <r t decreased 
with rise of temperature up to about 30° C. 

1 Bosscha, Pogg. Ann., Jahrg. 1870, p, 540. 

1 Regnault, Mimoires de VAcad., 1847, xxi. 729. 
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has been confirmed by the work of Griffiths 
(range 13° to 27°) and Callendar and Barnes 
(1° to 99°). 

The changes in the specific heat have been 
determined by Bartoli and Stracciati 1 and 
Ludin. 2 In both cases the conclusions were 
arrived at by the method of mixtures, and 
are therefore independent of all energy 
measurements. Bartoli and Stracciati devoted 
nearly nine years to their investigation ; they 
not only mixed water with water, but also 
with mercury and several metals. Their 
thermometry was based on the standards 
supplied by the Bureau International, and 
their results are given in a formula containing 
the third, power of I, They find a minimum 
about 20°. The difficulties of this method are 
considerable, and a careful examination of 
their experimental numbers leads to the 
conclusion that the discrepancies between 
individual experiments are too great to allow 
of our attaching much authority to their final 
values. 

A very fine series of determinations by the 
same method was made by Ludin in 1890. 
This investigator was able to take advantage 
of many of the recent advances in thermometric 
measurements, and his work is of a very high 
order. Fernet has written a very full criticism 
of this work, and Ludin in his reply introduces 
a few corrections. 

The following values (Col. II.) of <r t in 
terms of <r 1B are those given by Dr. Bames in 
Phil, Trans. Ray. Soc. A, exeix. 252. 


Table V 


I. 

Temperature, 

”0, 

II. 

— (Air Scale), 
o-lll 

III. 

~ (Hydrogen Scale). 

5 

1-0053 

1-0052 

15 

1-0003 

1-0000 

25 

•9081 

•9975 

35 

•9974 

•9967 

45 

•9976 

•9967 

55 

•9085 

•9975 

65 

•9997 

•9986 

75 

1-0010 

1-0000 

85 

1-0024 

1-0018 

95 

1-0037 

1-0033 


For the purposes of comparison with the 
results of other observers these values have 
iu Col. III. been expressed in terms of <r 1B 
instead of <r K . It appears that Dr. Barnes’ tem¬ 
perature scale is that of the constant-pressure 
air thermometer. Over the range 0° to 100° 0. 
this soale is in close agreement with that of 
the nitrogen thermometer; the numbers in 
Col. III. are expressed in the hydrogen scale, 
the reduction having been effected by the 
tables given by M. Chappuis. 

Beibldtter, 1891, xv. 761, 

J Ibid., 1897. 


The following table summarises the result 
of the observers above referred to, over the 
range 0° to 35° of the hydrogen scale : 

Table VI 


Values of the Specific Heat of Water 
REFERRED TO THAT AT 15° 0. AS UNITY 


To in porn* 
turo hy the 
Hydrogen 
Thermo- 
meter. 

Rowland 

Pay). 

Bartoli 

and 

Bfcraoeinti 

(Permit), 

(IriffitliH. 

Ludin. 

OnUewlar 

and 

Uni-lies. 

0° 

i 


(1-0080) 


(1-0051) 

(1-0084) 

2 

3 


1-0059 


1-0035 


4 


52 


31 


5 

(1-0042) 

46 


27 

1-0052 

6 

1-0030 

40 


23 

45 

7 

31 

34 


19 

38 

8 

26 

28 


16 

32 

9 

23 

23 


13 

26 

10 

19 

18 


10 

21 

11 

14 

13 


8 

10 

12 

10 

09 


6 

11 

13 

07 

05 

1-0000 

4 

07 

14 

03 

02 

03 

2 

03 

15 

1-0000 

1-0000 

1-0000 

1-0000 

1-0000 

16 

0-9996 

0-9098 

0-9997 

0-9998 

0-9997 

17 

93 

97 

94 

97 

94 

18 

90 

96 

91 

96 

90 

19 

86 

95 

88 

95 

88 

20 

83 

94 

85 

94 

85 

21 

81 

93 

82 

93 

83 

22 

79 

93 

79 

93 

80 

23 

76 

94 

70 

92 

77 

24 

74 

95 

73 

92 

75 

25 

72 

97 

70 

93 

74 

26 

71 

98 

0-9968 

93 

73 

27 

69 

1-0000 


94 

72 

28 

69 

02 


94 

71 

29 

68 

05 


95 

70 

30 

07 

10 


96 

09 

31 

67 

1-0011 


97 

(19 

32 

67 

, * 


98 

68 

33 

67 



99 

68 

34 

67 

. . 


1-0001 

67 

35 

0-9969 



1-0003 

0-9967 


Values in brackets obtained by extrapolation. 


For the purposes of our final reduction of 
the values of the meolmnieal equivalent to a 
common standard, the range from 10° to 25° 
is of special importance, and the agreement 
between the values obtained by Rowland, 
Griffiths, and Callendar and Bames may be 
regarded as satisfactory (greatest difference 2 
in 10,000), especially when we remember the 
difference in the methods of experiment, which 
may be summarised as follows : 

Rowland .—Mechanical work done against 
friction of water, the revised results being 
dependent on the thermometry of the 
Bureau International. 
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Griffiths. —Work done by an eiectnc cmro 
the data being E and R and tl4C ' 
mometers standardised by platinum 
rermometers and also by the standards 
of the Bureau. , ,, , 

Callandar and Barnes. -Electrical method^ 
data being E and C, and the thermometry 
the differential platinum method. 

The methods adopted by Bartoli and Strac- 
ciati and Ludin were similar m P nn ^> 
although differing in detail, hence it mi e ht 
be expected that their results would have been 
in closer agreement than those obtained by 
the other observers. Such, however, is not 
the case. At 10° they differ by 8 parts m 
10,000, and at higher ranges by as much as 

14 in 10,000. ... , 

It appears unlikely that the skill and 
patience shown by these observers can ie 
exceeded, and it is probable that the method 
of mixtures presents peculiar difficulties and 
uncertainties which are absent in the energy 
determinations. . 

These considerations have led to the adoption 
of the following table for the reductions to 
some standard temperature: 

Table VII 

Values of <r t ovee the Range 10° to 25° of tiie 
Hydrogen Thermometer in Terms of ff 1B 


Temperature. 

10 ° 

15 

20 

25 


1-0020 

1-0000 

•9984 

•9972 


By means of the curve thus obtained we 
can now reduce the values given in Table IV. 
(i supra ) to a common temperature. 


Table VIII 

Capacity for Heat of Water at 20° C. 
of the Hydrogen Scale 


Joule ..... 4-170x10 

Rowland . . . • • 4-182 X10 7 

Griffiths . 4-193 xlO 7 

Schuster and Gannon . . . 4-190 X IQ 7 

Callendar and Barnes . . • 4-185 X 10 7 


The doubt as to the exact conditions under 
which Joule used his thermometers compels 
the omission of his value. 

§ (8) On the Accuracy oe the Values on 
the Electrical Standards assumed by the 
Observers. —Professor Ames 1 in 1900 wrote as 
follows: 

“ In regard to the electrical standards, it 
must be observed that no meaning can be 
attached to the ‘electro-chemical-equivalent’ 
of sifver, unless the construction and use of 
the voltameter are most carefully specified, 
and even then there is considerable doubt 
unless several instruments are used in series. 

1 Congrds International de Physique, Paris, tome i. 


This fact is well shown in the recent work of 
Richards, Collins and Heimrod at Harvard 
University, and of Merrill at Johns Hopkins 
University. The former deduce from a 
comparison of their porous-jar voltameter 
with other forms of instruments that the 
electro-chemical equivalent with their instru¬ 
ment is 0-0011172 gram per see. per ampere ; 
while Patterson and Gutho with their instru¬ 
ment find 0-0011193. If, however, the same 
voltameter and the same method of use are 
adopted in the experiments on the electro- 
chemical-equivalent and in those on the 
E.M.F. of a Clark cell, the value of the latter 
is independent of the value assigned to the 
former. For this reason Ruble's value of 
the E.M.F. of the standard Clark colls of the 
Reiclisanatalt (1-4325 volts at 15° C.) is prob¬ 
ably correct. The Cavendish Laboratory 
standard coll has been compared with the 
German ones; its resulting value is 1-4829 
at 15“ O., and the later investigations of 
Patterson and Gutho would reduce this to 
1-4327. As Griffiths used the value 1-4342 
and as the E.M.F. enters into the equation 
to the second power, the necessary correction 
would bo almost exactly two parts in one 
thousand. 

“ For the method used by Schuster and 
Gannon, where both the E.'M.F. and the 
current are measured, a correction may ho 
accurately applied to the E.M.F., but not to 
the current, 'as it is not known what amount 
of silver one ampere should deposit in tlioir 
voltameter; but if wo assume that the 
correction in both eases is 1 in 1000, these 
results also would bo reduced by 2 parts in 
1000. The correction assigned is probably in 
the right direction. 

“The cells used by Callendar and Barnes 
have not been compared with those of the 
Reichsanstalt, and no ‘ correction ’ can be 
applied with certainty. 8 The figures used 
above !1 are probably in excess.” 

Messrs. Ayrton, Mather,-and Smith in 1905-7 
made a careful rodotorminntion of the ampere. 

The inquiry was conducted at the National 
Physical Laboratory under the supervision of 
Sir Richard Glazebrook. 

A very perfect form of current weigher was 
constructed, and the authors wrote! “ The cur¬ 
rent weigher has proved to bo tlm most 
perfect absolute electrical instrument hitherto 
constructed, and has enabled us to determine 
the ampere to a very high degree of nemiruey.” 4 
The work was conducted with a skill and care 


* Hero the value of the current was obtained by 
measurement of R./I3, where II was a standard resist¬ 
ance, and it is somewhat difficult to estimate the prob¬ 
able effect of the change In the equivalent of silver 
in the absence of certain knowledge concerning the 
comparative value of (lalleiular and .Barnes cells, In 
terms of tlio Rayleigh cell. 

11 lx. a correction of 2 parte in 1000. 

* Phil. Trans, Hoy, Boo, A, cevH. 408. 
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which marks the investigation as a notable 
contribution to Physical Science. 

The results afford the data for the determina¬ 
tion of the E.M.E. of the Clark cell. 

The authors’ conclusion is as follows : 

“Value for Clark cell at 15° C. = 1-432.,” 
at 15° C. 

The value assumed by Griffiths was 1-4342. 

The value assumed by Barnes was 1-4342.1 

The value assumed by Schuster and Gannon 
was 1-4340, 3 and the value of the electro¬ 
chemical-equivalent of silver= -001118. 

§ (9) Final Values. —Assuming the value of 
E as 1-432,,, and applying the resulting cor¬ 
rections to the numbers in Table VIII. supra, 
the results are as follows, the temperature 
being 20° G.: 

Table IX 


Rowland ..... 4 ■ 182 X ID 7 

Griffiths.4-184 x 10 7 

Schuster and Gannon . . . 4-180 :< 10 7 

Callondar and Barnes . . . 4-181 x 10 7 


Mean . . . 4-183 >:10 7 


Professor Ames, in his criticism given supra, 
suggests a further reduction of 1 part in 1000 
in the value obtained by Schuster and Gannon. 
If we also take into consideration the other 
uncertainties referred to supra, it appears 
probable that a correction of the order of 
1 in 2000 is applicable. 

If this is done, the final results are given in 
the following table: 

Table X, 

Capacity foe Heat of Water at 20° 0. 
of the Hydrogen Scale 


Rowland.4-182xl0 7 

Griffiths.4-184X10 7 

Schuster and Gannon . . .4-182 x 10 7 

Oallendar and Barnes . . . 4-181 x 10 7 


Mean . . . 4-182 x 10 7 


In order to obtain the most probable values 
of 0/, at other temperatures, we can proceed as 
follows : 

Prom Table VI. s-iqrra we obtain tlie mean 
values of 0 t /C, B given by Cols. I., III., V., over 
the range 0° to 35°. 

From 35° to 100° we must be guided by tlio 
observations of Oallendar and Barnes. We 
can thus deduce the value of CJCq over the 
whole range. Assuming the value of Co at 
some given temperature,, we can then obtain 
the values of (3 t at other temperatures. 

A convenient standard temperature for 
ordinary conditions is 17°-S C., and the value' 
of C 17 .„ = 4*185 xI0 7 . 

1 Barnes in later tables gives tlio value of the 
mechanical equivalent resulting from the assump¬ 
tion that E=l-43325. 

2 PMl. Trans. Roy. Soc. A, 1895, p. 420. 


The value obtained by Keynohh^ «■*»• 
Moorby for “the mean thermal unit” was 
4-1833 (supra). A study of their tnblra 
shows that the actual range wits , on the 
average ■—-from about to 100 (•, Aw 

inspection of Table XL shows that the into 
of variation of <r t is very rapid near 0" O. and 
a probablo value of <r,/ir l¥ . B is about HIGH. 


Table XI 


Temperature 

Gol. 1. 

Fed. 11. 

on H. Seale. 

iff , 

(V. 

0° 

(1-0083) 

fit 

(4-220) v 10 7 

5 

•207 

10 

27 

•19(5 

15 

7 

•188 

20 

•9992 

•182 

25 

78 

•177 

30 

75 

•175 

35 

74 

• 174 

40 

73 

•174 

45 

74 

■174 

50 

77 

■175 

55 

81 

■177 

(10 

87 

•179 

(15 

93 

•182 

70 

1-0909 

•185 

75 

7 

*388 

80 

15 

•till 

85 

23 

•194 

90 

31 

•198 

95 

49 

•202 

100 

(i-ooni) 

(4-20(1) 

Mean 

1-90033 

4-18(1 


This approximate correction will only mine 
Reynolds and Moorby’s value to 4-184. This 
differs from the mean of the uumItem in 
Col. XL by I part in 2000, Tim coiTCHpoudcimo 
is remarkable, and greatly irm,ream's tlm prob¬ 
ability of tlm accuracy of the noneluHiona at 
which wo have arrived/ 1 

These eouelusions may be summarised as 
follows: 

Assuming the Btaniiaud Tukhmal Unit as 
the energy required to raise 1 gramme of water 
from 17° to 18“ O, on the Paris Hydrogen 
Scale, or one-fifth the amount required to 
raise it from 15° to 20" Cl, on the name 
scale, then the Btandahd Tukhmab Unit 
= 4-185 x 10’ Earns. 

The following resulting values may be found 
useful: 


* This close correspondence between Ihe value 
of Own and the “ mean thermal unit" is in many 
ways a convenience, For example, we are enabled 
to express the value of thermal measurements 
obtained by Bunsen’s calorimeter In twain of the 
standard unit, and that with milllelont areimwy, 
for Professor Moholls has shown that the variations 
n the density of lee sometimes amount to 2 parts 

in 1 A Aft w 
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Assuming g = 981: 

1 ldlogram-degree C. =426-6 kilogrammetres. 

1 pound-degree C. =463-6 = 1399-8 ft.-lbs. 

1 pound-degree F. = 252-0 = 777-6 ft.-lbs. 

Assuming <7 = 981-2, its value at Greenwich, 
these values become 426-4, 1399-5, 777-5. 

In latitude 45°, assuming <7=980-62, they 
become 426-7, 1400-3, 777-9. 

APPENDIX I 

Tlie following are the values of tlie constants which 
have been employed in the final comparison of the 
values of C 17 . 5 found by the selected observers. 

True olini = l-01358 B.A. units. 

Electro-equivalent of silver= 1-1182 per coulomb. 
Weston cadmium cell, CxR —1-01830 at 17° C. 
Weston cell temperature coef., 

E S =E 17 -3-45 x 10“ E (f—17) —0-066 x 10- r, («-17) a . 
Clark cell, C x R = 1-4323 at 15° 0. 

Clark ceil temperature coef. between 0° and 30° 0., 

E e =E 15 -1 -200(f -15°) - -0062(0 -15°) 2 . 

APPENDIX II 

THE THERMAL UNIT 

Professor Rowlands’ views on this matter are 
expressed in the following letter : 1 

Johns Hopkins University, December IB, 18!)!>. 

As to the standard for heat measurement, it is to 
be considered from both a theoretical as well as a 
practical standpoint. 

The ideal theoretical unit would be that quantity 
of heat necessary to melt one gramme of ice. This 
is independent of any system of thermometry, and 
presents to our minds the idea of quantity of heat 
independent of temperature. 

Thus the system of thermometry would have no 
connection whatever with the heat unit, and the first 
law of thermodynamics would stand, as it should, 
entirely independent of the second. 

The idea of a quantity of heat at a high temperature 
being very different from the same quantity at a low 
temperature, would then he easy and simple. Like¬ 
wise we could treat thermodynamics without any 
reference to temperature until we came to the second 
law, which would then introduce temperature and 
the way of measuring it. 

Erom a practical standpoint, however, the unit 
depending on the specific heat of water is at present 
certainly the most convenient. It has been the one 
mostly used, and its value is well known in terms of 
energy. Furthermore, the establishment of institu¬ 
tions where it is said thermometers can be compared 
with a standard, renders the unit very available 
in practice. In other words, this unit is a better 
practical one at present. I am very sorry this is so, 
because it is a very poor theoretical one indeed. 

But as we can write our text-hooks as we please, 
I suppose that it is best to accept the most practical 
unit. This I conceive to be the heat required to 
raise a gramme of water 1° C., on the hydrogen 
thermometer at 20° C. 

I take 20° because in ordinary thermometry the 
room is usually about this temperature, and no 

1 B.A. Report , Liverpool, 1896. 


reduction will be necessary. However, 15° would 
not bo inconvenient, or 10° to 20°. 

As I write these words I have a feeling that T. may 
be wrong. Why should wo continue to teach in 
our text-books that heat has anything to do with 
temperature ? It is decidedly wrong, and if I ever 
write a text-book I shall probably use the ice unit. 
But if I ever write a scientific paper of an experimental 
nature, I shall probably use the other unit. 

_ :e. ir. o. 

Heat, Transfer of, between Calorimeter 
and Jacket, in Method of Mixtures : 
this may take place by conduction, con¬ 
vection, radiation, and evaporation, and is 
eliminated from the final result by the cool¬ 
ing correction. See “ Calorimetry, Method 
of Mixtures,” § (6) (i.). 

Heat, Units of. Seo “ Thermodynamics,” 
§ (2); “ Heat, Mechanical Equivalent of,” 
§§ (8), (9). 

Heat-account for a Real Process. See 
“ Thermodynamics,” § (44). 

Heat-drop. See “ Thermodynamics,” § (38). 
Heat-engine : 

A machine which absorbs a certain quantity 
of heat at a high temperature and dis¬ 
charges a smaller quantity of heat at a 
lower temperature, the difference between 
these two quantities being converted into 
work. See “Thermodynamics,” § (I). 
Working Substance in. See ibid, g (7). 
Heat-flow in Cylinder Walls. See 
“ Engines, Thermodynamics of Internal 
Combustion,” § (62). 

Heat Transmission to Fluids flowing in 
Hot Metal Pipes. Soennokon’s Experi¬ 
ments. See “ Friction,” g (39). 

Effect of Surface Friction. See ibid . § (40). 
Heat Transmission between Solids and 
Fluids flowing over them. Theory 
of Osborne Reynolds. See “ Friction,” 
§ (39). 

N.P.L. Experiments. Seo ibid. § (40). 
Heating of Charge entering Cylinder 
of Internal Combustion Engine. See 
“ Engines, Thermodynamics of Internal 
Combustion,” §§ (G3)-(65). 

Heavy Oil Engines. See “Engines, Internal 
Combustion,” § (13) et seq. 

Hele-Siiaw Pump. See “ Hydraulics,” § (64). 
Helium, Specific Heats of, tabulated values 
obtained by School and House. See 
“ Calorimetry, Electrical Methods of,” § (15), 
Table IX. 

Helmholtz’s Free Energy of Thermo¬ 
dynamic System. - See “ Thermodynamics," 
§ (51). 

Henning, detailed investigation over the 
range 0° to -200° C. of temperature of 
the comparison between the readings of the 
hydrogen gas thermometer and the platinum 
resistance thermometer. See “Resistance 
Thermometers,” § (17). 
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Henning, Measurement of Latent? Heat of 
Water. See “ Latent Heat,” § (3). 

High-speed Steam Engines. See “ Steam 
Engine, Reciprocating,” § (7). 

High Temperature Melting-points, Ex¬ 
trapolation of the Scale of the Platinum 
Thermometer for the Determination of. 
See “ Resistance Thermometers,” § (18). 

High Vacuum Technique. See “ Air-pumps,” 

§ ( 47 ). 

Higher Pairs. For definition see “ Kine¬ 
matics of Machinery,” § (2). 

Hodgson Kent Steam Meter. See “Meters,” 
Vol. III. 

Hoists, Hydraulic. See “ Hydraulics,” 
§ (58). 

IIolborn and Day, 1899, comparison of gas- 
thermometers with secondary standards of 
temperature in range 500° to 1600°. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (x.). 

Holborn and Kurlbaum, modification of 
disappearing filament type of optical 
pyrometer by addition of objective and 
eyepiece. See “ Pyrometry, Optical,” § (3). 

Holborn and Valentiner, 1906, comparison 
of gas-thermometer with secondary stan¬ 
dards of temperature in range 500° to 1600°. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (39) (xiii.). 

Holborn and Wien, 1892, comparison of 
gas-thermometers with secondary standards 
of temperature in the range 500° to 1600°. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (39) (ix.). 

Homogeneous Head of Steam. See “ Steam 
Turbine, Physics of,” § (1). 

Hooke’s Law : a fundamental assumption of 
the theory of elasticity, which asserts that the 
relation between stress and strain is one of 
direct proportionality; this was discovered, 
by Hooke, in 1678, to bo representative of 
actual materials, and expressed thus: Ul 
tansio sic vis. See “ Elasticity, Theory of,” 

§ (4). 

Horizontal Gas - engine, Typical. See 
“ Engines, Internal Combustion,” § (5). 

Hornblower’s Engine. See “ Steam Engine, 
Reciprocating,” § (12). 

Hornsby-Akroyd Oil-engine. See “ Engines, 
Internal Combustion,” § (14). 

Hull Efficiency and Wake Fraction. See 
“ Ship Resistance and Propulsion,” § (47). 

Humphrey Gas-pump. See “Hydraulics,” 

§ (42). 

Hyatt Dynamometer. See “ Dynamo¬ 
meters,” § (5) (ii.). 

Hyde’s Experiments on the Effect of 
Pressure on the Viscosity of Liquids. 
See “ Friction,” § (7). 

Hydraulic Gradient. See “ Hydraulics,” 

§ ( 26 ). 


Hydraulic Mean Depth. The depth which 
the volume of water contained in a pipe 
would have, if contained in a rectangular 
channel with a flat bottom of the same area 
as the wetted Avails of the pipe, Seo 
“ Hydraulics,” § (25). 

Hydraulic Ram.' Sec “ Hydraulics,” § (43). 
Hydraulic Transmission : Comfagne 

Hydraulic Gear. See “ Hydraulics,” § (64). 
Hydraulically - braked Machines. See 
“ Hydraulics,” § (60). 

Hydraulically - driven Machines. Seo 
“ Hydraulics,” § (57) cl seq. 

HYDRAULICS 

I. Natural Sources of Power in Water 

§ (1) Water Poaver. —During recent years 
there has taken place throughout the world 
a great development in the utilisation of the 
natural resources of water, and the reasons 
are not far to seek. On the one hand, there 
has been a growing consciousness that a 
plentiful supply of this element is the basis 
of all sanitary science, and on the other, 
the necessity of substituting, as a source of 
power, coal and oil fuels because of their 
increasing costliness by the utilisation of water. 
Those tAvo factors have combined to give a 
special and increasing importance to the 
question of water supply. 

The problem from the point of vieAV of the 
domestic supply is, of course, not a new one, 
having engaged the attention of every civilised 
nation, ancient or modern, but until the 
nineteenth century it was solved along the 
line of least resistance and the employment 
of high pressures avuh evaded. The needs of 
the modem city, added to the demands for an 
adequate supply of water power, have accord¬ 
ingly given a new direction and impetus to 
the study and practice of Hydraulics. 

§ (2) Source of Water Supply, (i.) Pre¬ 
cipitation or .'Rainfall. —Precipitation, embrac¬ 
ing as it does the fall of rain, flow, snow, and 
hail, is the main source of all water supply, 
and is usually studied under the general term 
of rainfall. The supply is derived almost 
entirely by evaporation from the surfaces of 
the various oceans and seas which, cover tho 
greater portion of the earth’s surface, and 
depends upon tho radiation from the sun and 
the capacity of tho atmosphere to contain tho 
moisture evaporated. 

As might be expected, there exist great 
irregularities in tho evaporation, and therefore 
in the rainfall of large areas. The continuous 
current of heated air which ascends in the 
region of the tropics and flows towards tho 
poles carries with it a full complement of 
moisture and distributes it Avhen temperature 
and other physical conditions determine. 




496 


HYDRAULICS 


The precipitation of the moisture in a district 
varies greatly with its situation, the configure- 
to of the surrounding country, its altitude, 
and the direction of the prevailing winds. 
Where the latter are charged with moisture 
through crossing large tracts of open water the 
rainfall on the first high ground encountered 
will naturally be heavy. 

On the other hand, the rainfall of a district 
is small if the prevailing winds traverse a 
large tract of land and thus become depleted 
of '"their moisture. An example is obtained 
if a straight line be drawn from the east 
coast of the United States at latitude 35 to 
a point on the west coast at latitude 45°, 
the variations of rainfall with longitude being 
as follows : 


Longitude. 

Rainfall. 

Longitude. 

Rainfall, 

75° 

60 in. 

107° 

14 in. 

79 

45 „ 

115 

15 „ 

87 

40 „ 

119 

15 „ 

95 

30 „ 

123 

50 „ 

103 

17 ,, 

125 

100 „ 


The observed rainfall of the Forth valley 
above Queensferry affords an excellent illustra¬ 
tion of the effect of altitude on precipitation. 
There the values vary from 28 inches at 


Queensferry (sea-level) to a maximum of 
110 inches at a height of 2300 feet above 
sea-level at the western end of Loch Katrine 
some 50 miles distant. 

These numbers do not represent the extreme 
precipitation values, ’which range from practically 
nothing over the deserts of Africa to as much as 
600 inches in the Himalayas. 

A striking case of unequal distribution of rainfall 
is supplied by the rainfall of Western India. At 
Bombay at sea-level the rainfall is about 76 inches ; 
at a station situated on the Western Ghats about 60 
miles distant S46 inches was actually measured. 
Farther west but still on the Deccan plateau at an 


elevation of nearly 2000 feet the prerip i tat ion was only 
about 20 inches, the wind, deprived of the great bulk 
of its moisture burden, being then comparatively dry. 

(ii.) Annual Variations of RmnJaM .—lit 
addition to the very unequal distribution of 
rainfall from point to point and area to arm, 
great irregularities occur from year to year 
over the same area. 

If over a long series of years a selection is 
made of the wettest year on record it may he 
expected to have a rainfall of 51. per cent 
above the average, while tho driest year will 
be 40 per cent below. There is tbits a ranges 
between the two equal to 91 per cent of the 
mean annual rainfall. When the average 
rainfall of the two consecutive wettest years 
is taken it will be about 35 per cent above the 
mean, and that of the two driest 31, per cent 
below that amount, with a range, therefore, 
of 66 per cent of tho mean rainfall. If the 
period be increased to three consecutive years' 
the average for the wettest years will lie 1-27 
and for the throe driost years 0-75 of tho mean. 

Fig. 1, which is taken from tho paper read 
by Sir Alexander R. Binuio before the 
Institution of Civil Engineers in 1892, on 
“ Average Annual Rainfall,” shows how the 
deviation from tlio moan annual rainfall 
of the average rainfall over a number of con¬ 
secutive years diminishes as tho included 
consecutive period increases, 
until after about thirty-live 
years it approximates to the 
total mean value. 

From this figure it may lie 
observed that it is pond bio In 
liavo a series, say, of live con¬ 
secutive years in which the 
rainfall amounts to only 84 per 
cent of the mean fall of the 
district, a eireumstanee which 
possesses special mguilionnon 
when calculating the possi¬ 
bilities of the supply of water 
to be obtained, 

(iii.) Seasonal Variation» of 
.Rainfall .—In the temperate 
climate of 'the British Men, 
where the year cannot be 
divided sharply into dry nod 
wet seasons, the monthly rainfall forms (ho best 
means of comparison between one period of tin* 
year and another. Pig. 2 has been prepared from 
tho Greenwich records of tho years from 1861 to lKill, 
and shows that February, March, and April are Imv 
months of less than 2 in. fall; that January, May, 
and June are normal months; that the final six 
months are high months; and that, tho maximum 
variation above and below does not exceed 25 per 
cent of the average monthly value. 

The rainfall on the Western Ghats, already men¬ 
tioned as an instance of irregular distribution over 
neighbouring areas, is also an excellent example of 
seasonal variations. The bulk of the min hero falls 
generally in three periods • the first burst, lasting 



Fiu. 1. 
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perhaps fourteen days, occurs early in June; then 
the big monsoon from about the middle of July to the 
middle of August,ami the final burst during September 
and October. During eighty days G46 in. lias been 
measured at one of the gauges on these hills about 



8000 feet above the sea, the greatest weekly fall 
being 110 in. Only a few mattered showers, 
amounting on the average to about 3 in., fall 
during the dry season, which consists of the remaining 
months of the year. 

§ (3) Rain Gauges. 1 — The average rainfall 
on a catchment area is estimated by rain 
gauges. 

It is obviously impossible to construct a 
rain gauge which shall in all eases catch all the 
rain that falls. It is however possible, by 
a duo regard to the selection of a site, to the 
method of fixing, and to the proper main¬ 
tenance of and regular attendance on the ordi¬ 
nary standard gauge, to ensure that valuable 
information is available concerning the rain¬ 
fall on a given catchment area. As many 
gauges as possible must ho used, and these 
situated in places representative of the 
different elevations and conditions to be 
met with in the district under investigation. 
In order that the cycle of variation may 
bo complete it is suggested that gauging should 
extend over thirty-live years or thereby. 

§ (4) Oatcuimknt Area.— In estimating the 
possibilities of a water supply from a certain 
district it is necessary not only to ascertain 
the rainfall but also to arrive at the extent 
of what is known as the catchment area or 
gathering ground available for the supply. 
This comprises all the country the drainage 
of which converges to the point selected as 
the distributing centre of the supply. The 
area is usually expressed in acres or in square 
miles of (340 acres. Its extent may be 
measured from a topographical map, if such 
is available, showing the watershed and 
divide, (dong which drainage for adjacent 
areas separate. Otherwise a close approxima- 

1 Sec “ Meteorological Instruments,” Vol. III. 
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tion may be found on an ordinary map by 
marking the area boundary as passing midway 
between the _ apparent heads of tributaries 
ot neighbouring watercourses draining into 
different stream systems. 

§ (5) Volume of Rainfall.— The volume 
of water falling as rain on that area mil then be 
given by the product of the catchment area 
into the annual rainfall. Since one acre 
contains 43,560 square feet, a rainfall of 1 in. 
on 1 acre represents a volume of 3630 cubic 
feet or 22,622 gallons. 

§ (6) Run-off.— While rainfall is the source 
of all water supply its volume is not the direct 
measure of the quantity available for a required 
su PPly- When rain falls upon the ground a 
portion sinks into the soil: the remainder 
runs off the surface into the catchment basin 
or remains for a time on the surface. The 
quantity which passes into the ground depends 
upon the conformation of the surface, and the 
porosity, depth, and degree of saturation of 
the material comprising it. Part of the 
ground water continues to sink and finally 
finds its way to the nearest stream valley, 
but part is retained by the roots of vegetation, 
being converted into cellular fibre or exhaled 
as vapour from vegetation or from the surface 
into the atmosphere. If all the water which 
is consumed by vegetation or which is 
vaporised from the surface is included in the 
term evaporation, then the volume of water 
available for a required supply will be the 
volume of the rainfall on the catchment area, 
less the volume of evaporation over the same 
area. When this quantity is expressed as the 
volume which passes a given point continuously 
it is termed the flow. 

§ (7) Evaporation. —An approximation to 
tile flow may be deduced from the difference 
between the rainfall and the evaporation if 
these are known. The latter may be computed 
on the basis of monthly ratios to rainfall, which 
vary according to the requirements of vegeta¬ 
tion, the capacity and condition of ground 
storage, and the temperature. The monthly 
rate of evaporation is represented by the 
expression 

e = a + br, 

where a and h have values which change with 
the month, from about -25 and 0-1 in January 
to 3-0 and 0-3 in July for a and b respectively, 
while a is the monthly evaporation and r the 
corresponding rainfall. 

A temperature correction may be applied so that 
the values obtained as above for a drainage' area 
with a given mean annual temperature T can be used 
to determine those for other latitudes of temp. t°. 
The values determined for the monthly evaporation 
c are multiplied by a temperature factor expressed 
by (-05 1— c), where i is the mean annual temperature, 
and c is a constant which reduces the expression to 
unity when t equals the mean annual temperature T. 

2 k 


HYDRAULICS 


rr> Storage.— The undulations 
of the drainage area exercise 
influence upon the distribution 
Evidently the storm run - off 
it- from a hilly country than 
lands, and the rainfall remaining 
ground storage will be corre- 
naller. Then the degree of 
d run-off largely depend upon 
f the drainage area, since the 
: the ground determines its 
;y. Where a rock ledge is at the 
)s out in banks the depth of the 
; is readily ascertainable, other- 
i and character is found 
orings, if practicable, to 
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isiderable attention has also been 
years to the influence of flora 
.1 rainfall and flow. Forests and 
i not probably affect the total 
they certainly cause it to fall 
ily. By protecting the ground 
sot heat of the sun evaporation 
he air immediately overhead is 
hus increasing its power to eon- 
>isture in heated and saturated 
her level and so steadying the 
xled country compares favour- 
ivated land, as the many obstruc- 
itorm run-off in timbered areas 
,rger proportion finding its way 
md storage. Then the require- 
ture for tree growth is consider- 
that of crops, very little surplus 
le in the latter case for run-off 
owing season. The effect of the 
;e in equalising the flow is shown 
ams of Fig. 3. The measured 
fall in inches is set up from the 
[ from the resulting curve is set 


down the sum of the estimated evaporation 
and the measured run-off. Where the final 
ordinates fail below AB a flow from the ground 
storage takes place, and where the balance 
is in favour of the rainfall the ground storage 
benefits. The lower portion of the diagram 
represents the variation in the ground storage, 
saturation being complete during only four 
months. 

§ (9) Gauging of Stream Flow. —While it 
is possible, as lias been shown, to deduce the 
total run-off or stream flow from a drainage 
area from the difference of rain¬ 
fall and the computed evapora¬ 
tion over that area, the exact 
determination of the supply 
available from day to day and 
month to month can only be 
obtained by a system of stream 
gauging. The method adopted 
will depend upon the volume 
of water which has to be 
measured. 

(i.) NoirJi Measurements .— 
When tire stream is small, 
measurement by notch or weir 
can be used. The weir is generally 
constructed of planks and the 
notch is formed in an iron plate 
screwed to it, and may be either 
the right-angled triangular type 
(for small quantities) or rect¬ 
angular. The weir and face of 
the notch must bo vertical and 
perpendicular to the direction 
of the stream, with a clear 
discharge into the air. If the 
notch is rectangular the sill must 
he horizontal and of a length 
not less than three times the head above the 
notch measured to still water. Fig. 4 shows 
the arrangement of a standard sharp-edged 
weir. 

For acourate work measurements of the 
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head taken in a flowing stream are inadmissible. 
To minimise the effect of oscillations of the 
surface and to avoid the disturbance produced 
by an immersed object in the stream a well 
should he made at a sufficient distance behind 
the weir in the hank of the stream and 
connected to it by a pipe opening out 
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flush with the approach channel and at 
right angles to the direction of flow. The 
required head is the height 
of the surface of the water 
in this well above the 
level of the sill or the 
bottom of the vee. 

This height may be con¬ 
veniently measured by 
means of an anchored float 
carrying a scale and rising 
and falling in contact -with 
a fixed index whose level 
is known, or carrying an 
index which moves over 
a fixed scale. A more 
exact method is that of 
the hook gauge shown in 
Fig. 5. 

A hook is attached to 
the lower end of a divided 
scale, and its position may 
be adjusted by means of screw till the point 
of the hook is just visible at the surface of 
the water. If the index to 
the scale has been fixed to 
show zero when the water is 
level with the sill, then the 
Head may be read directly 
on the scale by the aid of a 
vernier. 

(ii.) Rectangular Notch, ~~ For 
heads above 6 in., where the 
bottom and end contractions are 
free and where the length of oreat 
is greater than three times the head, values in close 
agreement with experiment aro given by the Francis 
formula, 


Fig. 5. 


_________ ' 499 

§ (10) Velocity of Flow.— For larger 
streams or rivers the weir is too . cumbrou s 
and costly to be used as a temporary measuring 
contrivance. It is then necessary to obtain 
the mean velocity of flow which, multiplied 
y the cioss-sectional area of the stream, gives 
the discharge Q. Experiment show's that the 
motion at any point in an open channel is 
never steady and uniform, and that its velocity, 
if near the surface, may vary by 20 per cent, 
and if near the bed, by 50 per cent in a short 
interval of time. This constitutes the diffi¬ 
culty of obtaining the mean velocity with a 
reasonable degree of accuracy, and the mean of 
many observations is required. Two methods 
may be used : floats and current meters. 

§ (11) Floats. — These are classified into 
surface, sub-surface, twin, and velocity rod 
types, and are illustrated in Fig. 7. 

(i.) Surface floats ( a) are made of any light 
material painted to be easily seen, but not 
projecting more than an inch above the 
surface in order to minimise the effect of the 
wind. The wind effect, together with' the 



Q=3 


•33 H“ cub. ft. per 


sec., 


whore Q is tho disolmrgo in cubic feet per second, 
II is the head in foot, h the breadth of tho notch, 
and n is tho number of end contractions, tho bottom 
being supposed to bo free in every caso. 

(iii.) Triangular Notch .— Lot H bo the bead of 
water above the 
vortex P of the notch 
(Fig. (S), then assum¬ 
ing the velocity of 
flow at any dopth x to 
be given by \/2g- x 
it cun readily bo 
shown that the dis¬ 
charge Q =3 4*28 0 tan (fl/2)H?, where 0 is tho angle 
included between the sides of tho notch. 

A right-angled notch was found by Professor 
Jas. Ihomaon to have a oooflioiont 0 of tho mean 
value of "593 with a variation for a range of heads 
from 2 to 7 in, of loss than 1 per cent, and is 
the form usually adopted for measuring small 
quantities. Tho formula for tho discharge over a 
.right-angled vee notch therefore becomes 

Q=2'53GH§ cub. ft. person. 



tendency of the floats to follow any eross- 
current or surface eddy, render the results 
obtained very unreliable. 

(ii.) Sub-surface floats (b) consist of a small 
surface float from which a lower float is 
suspended, the length of connection being 
adjusted so that the latter may remain at any 
required depth. In theory the velocity of 
.the lower strata should be indicated, but in 
practice this is not realised, the relative 
position of the lower float varying with the 
direction and velocity of the wind and with the 
length of connection between the two floats. 

(iii.) Twin floats (c) usually consist of two 
spheres coupled together by means of wire, 
the lower one weighted so as to float vertically 
beneath the surface one and as near the 
bottom as practicable. With this adjustment 
the velocity of the float will be approximately 
the mean velocity of the vertical column of 
water in which the instrument floats. 

(iv.) Velocity rods (d) are light wooden rods 
or tin tubes made in adjustable lengths and 
weighted a,t one end with lead strips or wire 
to float upright, the lower end being as near the 
bottom as practicable. The velocity of the 
rod is approximately the same as the mean 
over its depth and probably gives the more 
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reliable measurement of the mean velocity 
of the stream on the vertical in which it 

floats, . . 

To carry out the operation of gauging 
by means of floats it is necessary to select a 
straight stretch of channel of about 200 ieet 
in length, as nearly uniform as possible in 
section and containing no obstructions. Two 
cross - sections are . ranged out by wires 
stretched from bank to bank, if the width 
will allow, and 100 feet apart; these should be 
perpendicular to the direction of flow. A third 
line is usually stretched midway between these 
two. If the observations are to refer to 
different depths and different distances from 
the centre of the stream the wires should be 
divided up into corresponding sections of, 
say, 10 feet intervals by attaching tags of 
different colours. The floats are placed in 
the water about 50 feet above the upstream 
gauging section, the locus of their passage 
through the gauging area being noted by 
line markers and the times of entry and exit 
recorded. Where the width of channel does 
not permit of this being done the positions of 
the floats may be fixed by the use of a theodo¬ 
lite measuring angles from a base line marked 
out, on the bank. 

§ (12) Current Meters. —Current meters 
may consist of an arrangement whereby the 



velocity is determined either from the revolu¬ 
tions of a revolving part rotated by the 
current or by a modification of the Pitot tube. 

Typical examples 
of the former 
are : 

(i.) Amsler cur¬ 
rent meter, where 
the revolving 
part carries heli- 
coidal vanes 
mounted on a 
horizontal axis 
(Fig. 8), and 
(ii.) Price cur¬ 
rent meter, where 
p IG _ 9 _ a series of conical 

cups is mounted 
ms revolving round a vertical axis (Fig. 9). 

J w is fitted with a guide 
'•’■'endieular to the 
Che number of 


revolutions is usually indicated by a, make- 
and-break contact in an electrical circuit. 

(iii.) The Pitot tube 1 method is well adapted 
for use with the higher velocities common 
in pipe flow to which its use is more confined, 
and is discussed in the section dealing with 
that flow. 

§ (13) Calibration ok Meters is usually 
effected by suspending the meter I rout a 
travelling carriage, which tows it, with a 
uniform velocity through, still water at a 
depth of about 2 foot. The time over the 
measured length, and the number of revolu¬ 
tions of the meter, arc recorded by means of a 
chronograph and form a rating table. When 
in use the meter should bo suspended in a 
similar manner to that adopted during its 
calibration, as the speed of revolution has 
been shown to vary with the degree of .freedom 
permitted. 

The motor may bo used by holding it 
successively at certain points in a eroHS-seetion, 
or, alternatively, by keeping it in motion 
during the whole period of its immersion 
and moving it uniformly from the surface to 
the bottom of the channel in a series of vertical 
or diagonal lines. The latter method is not 
nearly so accurate as the former. Observa¬ 
tions taken at points six-tenths or mid-depth 
in a series of equidistant verticals, the mean 
velocity in each of these verticals being 
found by applying a factor, are capable of 
giving reliable results. 

Simultaneously with the velocity observa¬ 
tions, soundings should be taken from which 
the cross - section of the stream can be 
ascertained. 

From the data thus obtained is constructed 
a rating table showing the relation at a gi ven 
point between the height of water, referred to 
some permanent bench mark, and the discharge 
of the river. 

§ (14) Average Water Sum/v available, 

Gaugings are not as a rule available over the 
period of thirty-six years which 1ms been 
suggested as necessary for complete informa¬ 
tion, but a ratio between the How of the 
stream and the rainfall over the ansa may bo 
established if one complete year’s record of 
the former is known. By means of this ratio 
the flow during a sequence of years may 
readily be deduced from rainfall records, ami 
the average water supply available be 
determined. 

§ (15) Net Water giirny,* .The reliable 

procedure is to find the year of lowest annual 
rainfall during a cycle of, say, fifteen years 
and to establish the daily flow during this year, 
comparison being made with the year of actual 
gaugings on a basis of the effective rainfall, 
after allowanco for evaporation has been 
made. Alternatively, the general mean annual 
i See § (24) (11). 
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fall, reduced by 20 per cent, may be taken as 
the equivalent of the three driest consecutive 
years, which in practice is the largest amount 
that can safely be relied upon. A further 
reduction should be made to allow for evapora¬ 
tion, which in the British Isles may vary from 
10 to 20 in., and the remainder, subject 
to any claims for compensation water to be 
given off to streams previously supplied by 
the drainage area, becomes the flow available 
per annum for a proposed supply. 

§ (1G) Maximum Continuous Flow. —The 
most important consideration in any water 
supply, whatever the purpose for which it is 
projected, is not the mean annual or daily 
flow, but the maximum continuous flow, 
which can under all circumstances be main¬ 
tained. It is evident that the natural run-off 
of a drainage or catchment area, subject as 
it is to continually varying rainfall, evapora¬ 
tion, and ground storage, will itself be of a con¬ 
stantly fluctuating character. If, therefore, the 
natural flow is to meet all the demands that 
are to be made upon it, it follows that these 
demands must be so regulated as never to 
exceed the minimum dry weather supply of 
the drainage area which thus becomes' the 
maximum continuous flow of the projected 
supply, In such a case all flow in excess of 
this amount becomes of no direct interest 
to the engineer and must be allowed to go 
waste. 

§ (17) Storage. —If, however, the require¬ 
ments of the supply necessitate a greater 
discharge, or if full advantage of the drainage 
area is to be secured, the water which is in 
excess during the wet season or during floods 
must be impounded for use in the dry season. 
Ihis is done by the accumulation in reservoirs 
of some of the excess over the low-flow volume 
during any or all of the periods 
when it occurs and the utilisa¬ 
tion of this stored supply to 
maintain a continuous flow, 
higher than the natural low- 
flow. Storage is usually essen¬ 
tial to any extensive supply 
and is one of its most import¬ 
ant features. It assists to still 
further conserve natural re¬ 
sources by making use of at least a portion of 
the large and wasting flood waters, and serves 
to bring them under control, thereby obviating 
destruction to property and sometimes to life 
which may otherwise result. 

§ (18) Storage Capacity. —The storage 
capacity which it will be necessary to provide 
will depend not only on the proportion of 
flood water compared to the low flow intended 
to be stored, but will be principally affected 
by the duration of the longest period of dry 
weather, which may not necessarily be a period 
entirely without rain. In this climate, where 


rainy days are frequent and general, and the 
soil is always more or less saturated, the 
storage provided will depend on the extont 
of the fall, being greatest where the rainfall 
is least, and ranges from 120 days’ supply 
in the North of England to twice that amount 
in the south. In India, where the monsoon 
forms the principal source of rainfall, and is 
liable to fail any one year, it is necessary 
to provide storage to give supply during two 
consecutive dry seasons. 

An excellent example of this is afforded 
by the Tata Hydro-Electric Power Supply, 
Bombay, where the total quantity of water 
required to enable the turbines to give 100,000 
h.p. for ten hours daily during nine months, 
after allowing for loss by evaporation, soakage, 
and friction inpipes and turbines, is 0700 million 
cubic feet, and the combined capacity of the 
two. main storage lakes is about 10,100 million 
cubic feet. The excess capacity is given in 
order that balances in years of excessive 
rainfall may make up for occasional short 
monsoons. 

§ (19) Storage Reservoirs. — Generally 
speaking, the best site for storage is that where 
the largest amount of water can he stored 
by means of the shallowest, shortest, and 
smallest embankment. If natural lakes can 
be utilised by the construction of a dam 
across the effluent river it is usually the most 
economical method. Notable examples of tills 
are given in connection with the water supplies 
of Glasgow, Manchester, and Dundee. Other¬ 
wise a wide and flat valley with impervious 
strata, preferably rook and ending in a 
narrow gorge, should bo looked for, The 
dam for the closing of the outlet to the 
storage area must bo perfectly watertight, and 
of such a construction as will prevent the 


impounded water passing below, round the 
ends, or over the top of the work. 

(i.) Earthen Dams .—■ Formerly the usual 
type of dam was the earthen embankment, 
\i! ig. 10) with its core of tough, impervious 
clay or puddle-wall carried to a sufficient 
depth to ensure perfect union with an imper¬ 
vious stratum. This was baoked on either 
side by harder and less water-tight materials, 
the inner slopes being covered with stone 
pitching, to prevent the wash of the waves 
from injuring the earthwork. For embank¬ 
ments of moderate height the inclination of 
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the surface is usually 3 to 1 on the inner or 
water side, and 2 to 1 on the outer slope. 

(ii.) Masonry Dam. —.The earthen dam, 
where properly constructed, has been very 
successful, but the tendency in modern 
practice is to adopt the masonry dam, at least 
where the height of the wall exceeds 80 feet. 
The structure may be of coursed masonry, or 
of concrete mass', or of concrete reinforced 
by steel, the necessary condition of stability 
in each case being a continuous rock 
foundation. 

§ (20) Outlets. —The outflow of the water 
under proper control was usually provided for 
by iron pipes, or stone or brick culverts 
carried through and under the earthwork of 
the embankment. Failures have frequently 
resulted from the leakage of water along the 
surface of these outlets, or from the fracture 
of the outlet caused by excessive local pressures 
or unequal settlement. The latest and best 
constructed reservoirs have outlets which are 
entirely disconnected from the embankment, 
and consist of tunnels formed of masonry, or 
reinforced concrete, placed in an adit which 
has been regularly mined, the line adopted 
being either round and clear of the end of 
the embankment or at a considerable depth 
beneath its lowest point. 

For the regulation of the flow the entrance 
to the culvert or the tunnel is best commanded 
by a valve tower, which may be provided with 
sluices on the outside and contain in the 
interior an upstand pipe connected with the 
outlet main, and having valves at different 
levels, so that delivery may take place from 
near the surface, and therefore be as free from 
suspended matter as possible. 

Syphon outlets are sometimes used where 
the depth of water does not exceed 27 or 28 
feet. The discharge pipe may be carried up 
the inner slope over the top of the bank and 
down the outer slope, or it may be laid along 
the solid ground from the toe of the inner 
slope round the end of the whole work, as in 
the case of the tunnel outlet. Valves are 
necessary, both at the inner and outer ends of 
the pipe, the latter being at a level sufficiently 
low to ensure that flow will be maintained 
against the friction of the pipe. To guard 
against the accumulation of air at the summit 
of the pipe, valves suitable for the extracting 
of air and the charging the pipe with water 
must be provided. 

§ (21) Settling Tank. —In order to allow 
for the settlement of sediment and the 
interception of floatage a “ residuum lodge ” 
or settling tank is formed at the entrance 
of the storage reservoir. Sluices or valves 
are provided, so that the discharge from the 
settling tank may be passed into the reservoir 
or diverted into a by-channel and thence 
passed into the waste watercourse. This 
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latter alternative is adopted when it is con¬ 
sidered inadvisable, either because of flood 
discoloration or similar reasons, to permit 
the water to pass into storage. A device 
which effects this automatically is the leaping 
weir. When the flow is normal the catch- 
water channel, 
situated just be¬ 
low and at right 
angles to the 
supply stream, f. 
collects it entirely ' [ j 
and conveys it :I 

to the reservoir. 

When in flood, the velocity of (low becomes so 
great that the water misses the collecting 
channel and passes on to waste (/'Vy, 11). 

§ (22) Waste We m.—iSinco the heaviest 
floods experienced often occur after a season 
of rain, when in all probability the reservoir 


is quite full, it is necessary to arrange for a 
waste weir to deal with a quantity of water 
equal at least to the entire flood of the drainage 
area. In earthen dams it should ho kept 
distinct from the embankment and formed in 
a cutting in the solid ground at one of its 
extremities. The flood water carried off 
should he convoyed by the waste watercourse 
to the stream bed below in such a manner 
as not to injure the stability of the structure 
of the dam/ Where the construction is in 
concrete or masonry the spillway may form 
part of the wall. 

§ (23) Flow in Pirns and Open Channels. 
In the construction of a distributing system 
for a proposed supply the important factors 
to be determined include the volume of water 
to be passed, the minimum size of pipe or 
section of channel requisite for its conveyance, 
and also the conditions involving losses of 
head and the magnitude of the latter. The 
choice between pipes and a form of open 
conduit or tunnel will depend mi whether the 
water is to be conveyed under pressure or 
not, and largely on the nature of the country 
to be traversed. Frequently in large works 
use is made of both methods. 

§ (24) V iclooity ov Flow in Pipes. .Many 

methods have been devised for the measure¬ 
ment of velocity and volume of flow in pipes. 
The most accurate is that of collecting the 
discharge during a definite time in a calibrated 
tank, but this is only suitable when tlm 
discharge is small 

(i.) Chemical Method .—For low-fail installa¬ 
tions, where large quantities of water have to 
be dealt with, use is .increasingly being made 
of the chemical or titration method, In which 
a given weight per minute of a chemical is 
introduced into the supply pipe and the 
quantity present at some point nearer the 
exit is afterwards determined and the rate 
of flow deduced, As recently developed this 
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method is said to give results which are 
accurate to within L5 per cent. 

There are also meters of the positive type, 
where, for example, the filling and emptying 
of a tank or cylinder is the special feature 
and the number of repetitions in a definite 
time are registered on an indicator. Or the 
volume of water passing 
through a small turbine 
may be inferred from the 
number of revolutions in 
a given time of its runner 
after careful calibration 
by means of the passage 
of known volumes. 

(ii.) Pitot Tube., — One 
of the simplest velocity 
indicators is the Pitot 
tube. Its essential feature 
is a vertieal tube A (Fig. 
12) of fine bore with the 
bottom, end bent at right 
angles facing and open to 
the flow. The height of 
the column of liquid in the 
tube is the measure of the pressure equivalent 
to the velocity head added to the statical head 
of the tube water outside. To determine the 
statical head, the tube may he turned through 
an angle of 90° about its vertical axis so that 
its orifice would be parallel to the direction 
of flow. The illustration shows a second 
vertical tube II communicating at the bottom 
end with the casing, which in turn has openings 
arranged tangentially to the flow. This serves 
as a statical head indicator, and the difference 
in level at any instant between the two tubes 
serves as a measure of the velocity head, and 
therefore of the velocity 
itself (see also article 
“ Aeronautics ”). 

(iii.) Venturi Meter .— 
For measuring large 



Fig. 12. 



quantities of water the simplest and most 
satisfactory method is that of the Venturi 
motor, shown in Fig. 13. It consists of a pipe 
of area A. uniformly converging to area a, 
then a short parallel neck afterwards diverging 
to its full diameter. It forms a section of 
the main pipe. The whole quantity of water 
passes through it and there .is no obstruction 
t° _ how. The difference of pressure which 
exists at the inlet to the converging length 
and at the parallel neck, due to the accelerated 
velocity at the latter point, is measured as in 
the Pitot tube by a differential gauge connected 


to these points. _ Then it can he shown that 
the velocity is given by the equation 
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where p A and p a are the pressures at the 
areas A and a respectively and W the weight 
of 1 cubic foot of the liquid, and the dis¬ 
charge in cubic feet per second by 
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The degree of error which may reasonably 
be expected is only about 1-5 per cent, and 
the meter registers efficiently at almost any 
velocity. J 

§ (^5) Pipe Line Losses. 1 —The losses which 
occur are due mainly to friction in the pipe 
and to friction and eddy formation at entrance 
and exit, at valves, sluices, elbows, bends, pipe 
junctions, and at sudden alterations *in the 
cross - sectional area of the pipe. Much 
experimental work has been undertaken to 
determine the laws governing the loss of head 
resulting from resistance to the flow of water 
through a pipe, as effected by variations in the 
velocity of flow, the size of the pipes, and by 
the degree of smoothness of the internal surface. 

(i.) Early Experiments .—From early experi¬ 
ments it was deduced that the frictional 
resistance to the flow of a fluid was : 

(a) Independent of the fluid pressure per 
unit of area. 


lb) Nearly proportional to the area of the 
wetted surface, whatever the form of the 
cross-section A of the containing channel, 
that is, to IP, where 1 is the length and P 
the wotted perimeter. 

(c) Approximately proportional to the 
square of the velocity v of the fluid. 

The frictional resistance F to the motion 
of a prism of water might therefore be 
considered equal to cwlPv*; w being the 
weight of unit volume of the fluid and c a 
suitable constant. 


If such a prism of weight equal to wlA 
moves under the action of gravity through a 
distance x along a channel having a gradient 
i given by the ratio hjl, the energy expended 
will be wlAix ft.-lbs., where h is the vertical 
height between the two ends of the pipe. 

This is equal to the work done against 
friction, and therefore 


Hence 


lolAix— F* = cwlJ?v 2 x, 


i =.-. v =C! /S / y = C sjmi, 

where m is written for A/P and C = (1/c)*. This 
is known as the Chezy formula. 

The ratio A/P = (area of cross-section/wetted 
perimeter) is termed the “hydraulic mean 
1 See article "Friction,” § (14). 
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depth ” and is the depth the volume of water 
would have if it were contained m a rectangular 
channel with a fiat bottom of the same area 
as the wetted walls of the channel. Thus 
the head h necessary to maintain a limit i 
flow v along a channel of length l and hydraulic 
mean depth m would be represented by 

7 vH 
h=c —. 
m 

The coefficients^ or C, as used in the Chezy 
formula v=C s/mi given above, can only be 
constant in the case of pipes if 7t is propor¬ 
tional (1) to r 2 for all values of the velocity 
and of the pipe diameter, whether large or 
small, and (2) to the wetted perimeter for 
pipes of different diameters, and is m addition 
independent of the roughness of the internal 

It is now known that none of these assump¬ 
tions ape ivarranted, though for a time the 
compensation of errors obscured the truth. 
Dubuat, Prony, D’Aubuisson, and others 
directed their attention to the true relationship 
between resistance and velocity, while D Arcy 
investigated the effects of different diameters 
of pipes and of varying degrees of roughness, 
and the investigators in both diiections 
sought to express their results in terms of a 
binomial function of v. 

(ii) ReynoldIndex Law.—Professor Osborne 
Reynolds evolved a rational formula based 
on the assumptions that the resistance to 
floAV varied Avith the diameter, length, and 
surface conditions of the pipe; Avith the 
viscosity and density of the fluid, and with the 
mean velocity of floAV through the pipe, and 
that it varied with some power of each of 
these factors. A modification of this rational 
formula has been adopted by various later 
investigators, including UnAvin, and is repre¬ 
sented by the relation 

h ~ d*’ 

where h as before is the drop of head in feet 
required to maintain a uniform velocity. 
The resistance is thus proportional to the 
nth power of v and inversely proportional 
to the *th power of the diameter d, while / 
is a coefficient deduced along Avith the values 
of n and x from the results of several experi¬ 
menters, 1 l being in feet. 

Unwin’s mean values are as follows : 


Surface. 

f. 

X . 

n. 

Wrought iron . 

•0226 

1-210 

1-76 

Asphalted pipes . 

•0264 

1-127 

1-86 

Riveted wrought iron 

•0260 

1-390 

1-87 

New cast iron . 

•0216 

1-108 

14)5 

Cleaned cast iron . 

•0243 

1-168 

2-00 

Old oast iron . . . 

•0440 

1-160 

2-00 


The values of / and n increase with tho 
roughness of the surface, and a: varies with 
the surface and increases with tho diameter. 

(iii.) Practical Considerations. —In dealing 
with.practical problems, however, it is often 
convenient to express the relation between 
the velocity and the head in the form adopted 
by Chezy, 

7 i'A 2 ,, mh 

] b =± or ~r> 

mUg V l 

whero//2(7 has boon written for the coefficient 0, 
and Professor A. H. Gibson includes, in his 
“ Hydraulics and its Applications,” t ables of 
the values of / and C calculated from the mean 
results of tho formulae of Unwin, Tutton, and 
Thrupp, showing within the range of velocities 
common in practice their variation with v 
and with the pipe diameter in pipes of different 
typos. The internal corrosion of a pipe, by 
increasing the roughness of its walls and by 
reducing its effective area, will usually Increase 
tho value of f considerably after a few years’ 
use, and must be allowed for when estimating 
the diameter necessary to maintain a given 
discharge. 

(iv.) Loss at Entrance,- .-This will depend on 

the form of entrance adopted, the loss of head 
varying from about ft. with a hell- 

mouth to « a /2|7 ft., where tho pipe projects 
into the reservoir and forms a re-entrant 
mouthpiooo. 

Weisbaoh has shown that; with u gate valve 
in a circular pipe the loss in head due to the 
presence of tho valve when three-fourths open 
would bo represented by -20(t' 8 /2f/) ft., and at 
half opening bo eight times as great. 

(v.) Bends and Elbows,- —If loss of head in 
represented by F(« 8 /2f/) the following values of 
F aro approximately correct for losses in 
pipes of radius r, with bonds of radius R, 
making an angle of 90": 


See “ Friction,” § (14) iii. 


j F | 1*20 I *40 | -20 | -Oil | -20 j -22 j 

(vi.) Loss at Exit. —Tho whole of the kinetic 
energy of pipe flow a a /2f/ is usually dissipated iu 
eddy formation when discharged into another 
mass of water, and if discharge takes place at 
a height h above the free receiving surface 
this height will be included in the loss of head. 

. (vii.) Total Loss of Head..- .The total head 11, 

therefore required to maintain a uniform 
velocity of flow v will be equal to the kinetic 
energy at exit + the loss by friction in the pipe 
+ the losses at entrance valves, bonds, or 
sudden changes in section of the pipe, and 
will be represented by an equation such as 

J 1 -mi), 

2g\ m J 
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Hence, 


‘ 2 f /H 

V I + SP + (ft/my 

We obtain thus the velocity due to a given 
difference of head in a pipe of given length 
and diameter. Since the discharge in cubic 
feet per second Q=area xv = (ir(Plk)v, 


we find Q: 


_ird & _ 

" 4 Uf? 


-B + (W»if 

If the length and diameter of the pipe are 
known, the head necessary to give any re¬ 
quired discharge may be determined. Thus 

TT- 8Q»il + 2P+(jV»»)} 

‘ wWg ..’ 

§ (26) Hydraulic) Gradient.— If steady 
flow is to be maintained between two points 
at different levels through a pipe r unnin g 
full with a velocity v, the total difference of 
level must be equal to the 
total loss of head. Thus 
2F(w®/2flf) =H. 

If a longitudinal section be 
made along the line of the 
pipe and, if from a horizontal 
line drawn through the upper surface there 


and to 
have 




maintain constant flow we mi^st 

w= \/'J J m — L S'mi. 

The difficulty has been to determine values 
of / or C which will lie applicable to channels 
having widely differing physical character¬ 
istics. 

Bazin deduced for G a value given by 
157-6/1 -|- (N/ s/m) foot units, where N is a 
quantity which varies with the character of 
the surface. This gives good results for 
channels under 20 feet wide and with velocities 
not greater than 4 feet per second. 

The value generally used is that derived 
from the Ganguillet and Kutter formula: 

p _jl-6 + (-00281/») + (l-81I2/N) - 

1 + {41'6 + (-00281/i)}(N/Vm) ’ ' 

m J 


is set down a series of vertical ordinates 
representing at various cross-sections the total 
loss of pressure per unit volume from the 
pipe entrance to each section considered, then 
the curve formed by joining the ends of those 
ordinates defines the hydraulic gradient for 
the pipe lino. For a straight length of pipe 
without valves or other obstructions the 
gradient would he constant and would he 
represented by a straight line (Fig. 14). The 
slope of the curve giving the hydraulic 
gradient is termed the virtual slope of the pipe. 

§ (27) Or en Channels. —The formula 
h — (flv z /m2g) is generally adopted as a basis 
for determining the loss of head for a non¬ 
accelerated flow in open channels, where 
to = (A/P) =the ratio of the cross-sectional area 
to the wetted perimeter. 



h: 


Fig. 14. 


N, again', depends on the character of the 
surface. Probably a rational formula of the 
type 

flv n __ flv n 
{A/P}*~ TO® 

would most nearly represent the law of channel 
flow. 

Amongst others, Professor Cl ax ton Fidlor 
determined the values of /, %, and x for such 
a formula from the many experimental re¬ 
sults available, and a few examples are given 
below: 


Form of Section. 

Material of Surface, 

n. 

X. 

/. 

Circular 

, , 

Smooth neat aoment 

1-75 

1-1(57 

•0000070 

Rectangular 

’ ( 

Smooth neat cement 

1-75 

1-107 

•0000787 

Circular . 

Cement and sand 

I-75 

1-107 

•0000787 

l 

Smooth brick 

1-75 

1-107 

•0000787 

Rectangular 


Smooth ashlar 

Bare metal pipes with rivotod 

1-75 

1-107 

•0000904 

Circular . . 

,1 

' 1 

joints 

Rough brickwork 

j .1-77 

1-80 

1-18 

1-20 

•0000871 

•0000977 

Rectangular . 


Rough brickwork or ashlar 

1-80 

1-20 

•0001122 

Circular , 

. 

Lined with fine gravel 

1 *90 

1-33 

■0001202 

Rectangular . 

• { 

Lined with fine gravel 

1-90 

1-40 

•0001521 

Rubble masonry 

2-10 

1-50 

•0002240 


If the slope of 


the channel he uniform 


then hjl is a constant, which we denote by 


§ (28) Best Dimensions oe Channel. —The' 
best form and dimensions of channel are those 
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which mil give the maximum discharge for 
a given slope and given cross-sectional area. 
Now Q=Av=C \/(A 3 /P)l On the assumption 
that 0 is constant for a given surface, in order 
that Q. should he a maximum we must And 
the differential coefficient of this expression 
and equate it to zero. The following sections 
give the proportions thus obtained for a few 
of the common forms of channel and the 
resulting value of Q on the assumption that 
A has a constant value. 

Trapezoidal Channels. — Let b — the half bottom 
breadth, (7=the depth, s=cot 9, where 9 is the angle 
of slope of the sides. 

Then we have 

A=26(7-f sd 2 , P=2(6+(7\/l+.s a ), 


are tangential to a circle having its centre in the 
water surfaces. The semicircular section when 
running full may he regarded as the limiting ease, 
and has a hydraulic! mean depth of <//*!, which is the 
maximum for properly designed polygonal forum, 
and therefore gives the maximum discharge for a 
fixed area. 

Circular Sections,-—With a circular channel of lixed 
diameter, but where the; water-level Huhteiuls a vary¬ 
ing angle 6 at the centre, the condition of niimmum 
velocity can be shown to he 77 Man 0 -•> 257*5", 
and for maximum discharge '20 - 30 oos 0 l-aiu 0*10. 
0=308° satisfies this latter condition. 

Tables showing tlm relative discharges of 
trapezoidal channels with varying slopes, and 
circular channels with dill'erent llmv levels, 
are given below: 


Slope 
of Sides. 

e. 

Wetted 
Perimeter. 
P. " 

Area. 

A. 

Hydraulic 
Mean .Depth, 
A-f-P =m. 

Velocity. 

vaov'm, 

Discharge, 

() A • «« Av'/ 




Trapezoidal 



1 to 0 

90° 

4d 

2 d z 

d/2 

Jd/2 

2(7 a fjdl'2 

lin -5 

63 

3-47(7 

l-74/7 a 

„ 

ft 

1 Chi* „ 

1 in 1 

45 

3-66(7 

l-83(7 a 

ft 

it 

1 •83(7 a „ 

1 in 1*6 

34 

4-21(7 

2-lle7 a 

„ 

„ 

2-Ih7 a „ 

1 in 2 

26-5 

4-94(7 

247c7 a 

” 

it 

2-47(7“ „ 

Depth in 



Circular 



terms of 2r. 







•1 

74 

1-286/- 

•163r a 

•127r 

•fi0Wr/2 

•082r \^r/2 

•3 

133 

2-318r- 

•792r a 

■342/- 

•828 „ 

•dfidr® „ 

■5 

180 

3-141r 

l-571r a 

500 r 

1-00 „ 

1 '67/ ,a „ 

•81 

256 

4-480/* 

2-726r a 

•008r 

MO „ 

IhOOr „ 

•95 

308 

5-382r 

3-083r a 

•572 r 

1-07 „ 

3-304r® „ 

1-00 

360 

6-28r 

3-14r a 

•500/• 

1-00 „ 

;M4/' a „ 


and remembering that A is constant wo obtain, on 
substituting in the value Q from these equations and 
differentiating, as 
the condition for 
maximum dis¬ 
charge, the result 
that 

(l+s a )d a = (&+ 



Pig. 15. and in this case tlio 

sides of the channel 
touch a circle of radius equal to the depth of tlio 
channel having its centre in the surface. 

The maximum discharge in terms of b and a be¬ 
comes 

n C&%VT+>-.s) nr 
Q= "7- ,_ - : Vb 

\/2(\/l+s a -s)% 

and for a rectangular section where a is 0 

Q=<W2i&l 

Semicircular Channel—The, hydraulic mean depth 
of any polygonal channel where A is constant is 
greatest when the sides and bottom of the channel 


§ (29) Utilisation oir Supply.--T lio supply 
of water which lias boon determine*l by the 
methods described and brought under control 
may either be utilised for the potential energy 
it contains or distributed for various dmmwtio 
and commercial purposes. The potential 
energy of any store of water is measured 
by the product of tlio fall I I (iu foot) wlileii it 
would make in its descent from a higher to 
a lower level, multiplied by the weight of 
water which may bo utilised per unit time. 
If W be the weight of water" delivered per 
second the theoretical energy per second 
— WH ft.-lbs. and is equivalent to a theoreti¬ 
cal horse-power of (l/o50)\VH. 

On the basis of a mean annual rainfall of 
36 inches, and an average available fall of 
60 feet, 240,000 million foot-pounds of energy 
would be available per annum per square 
mile of gathering ground, If it was possible 
to collect and utilise half of this energy 
throughout a normal working year at. an HO 
per cent efficiency it would represent a total 
of 16 h.p. per square mile. Professor A, H. 
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Gibson estimates the water-power available in 
the world as exceeding 200 million horse-power, 
while the- amount available and developed in 
America and Britain has been given as follows: 

Brake HoiIse-power 



Available, 

Developed. 

Per cent 
Developed. 

United States . 

Million. 

28-1 

Million, 

7 

24-9 

Canada (North). 

18-8 

1-7 

9-2 

Canada (South). 

8-1 

1-7 

213 

Great Britain . 

■96 

•08 

8-3 

Europe . 

34-6 

6-0 

17-4 


These numbers representing the available 
power can only be regarded as very approxi¬ 
mate, and so far as they relate to this country 
include much of the supply necessary for 
domestic purposes, or which must be con¬ 
served for trade and commercial purposes. 
The daily rate of consumption under this head¬ 
ing varies from about 20 gallons per head of 
population in Sheffield to 70 gallons in Paisley, 
and provision requires to be made so that, in the 
.event of the emergency of fire, the supply per 
hour may exceed this by as much as 50»per oent. 

The total available water supply is for 
commercial and domestic purposes capable of 
being supplemented by the use of wells and 
underground reservoirs, which, however, neces¬ 
sitate the use of pumps, and do not add directly 
to the power resources of the country. 

The following are mentioned as a few 
typical examples of the largest power installa¬ 
tions which have recently been made : 


§ (30) Tidal Power. —Perhaps the greatest 
source of water-power is to bo found in the 
daily action of the tides of the ocean. Twice 
each day, duo to the gravitational attraction 
of the sun and moon, groat masses of water 
become possessed with an energy of position 
which it is possible to convert into work. 
While the practicability of such a project is 
assured, the desirability and expediency 
becomes entirely a matter of cost. The choice 
of methods lies between the use of a single 
tidal basin divided from the sea by a clam in 
which are placed turbines, having intermittent 
periods of working separated by more or less 
lengthy intervals of idleness and equipped, 
with suitable storage plant, arid the adoption 


of a system of duplicate tidal basins capable 
of working at all states of the tide and there¬ 
fore without storage plant. There are several 
options with either method. 

(i.) Single Tidal Basin .—When a single tidal 
basin is used water may be impounded through 
sluices during the rising tide and, when the 
sea-le\ el has fallen a portion of its range, 
allowed to operate the'turbines-at a nearly 
constant, head until low water. If the curve 
ABC {Fig. 16) represents the sea-ievel on a 
time base, then ab shows the level in the tidal 



basin, on the supposition that the rate of fall 
is kept constant and the head is nearly equal 
to b'B throughout. The period of working is 
represented by a 1 b 1 and the interval of idleness 
by the tide period AjCp less eq/q. An increase 
in the working head can only be obtained by 
means of shortening the period of operation, 
and the maximum output will be obtained 
when the head is approximately half the tidal 
range. An increase in output may, however, 
be made by utilising both rising ‘and falling 
tides, the arrangement of the water passages 
permitting the use of the turbines with a flow 
from either side of the wall in which they are 
set, or duplicate inflow turbines are provided. 


The work done per complete tide would then 
be approximately 50 per cent greater, the idle 
period shorter, and the storage plant neces¬ 
sary would be correspondingly reduced. 



Another possible modification is where the 
water during both rising and falling tides is 
allowed to flow through the turbines and to 
adjust its own level. If ABC {Fig. 17) repre. 


Undertaking. 

Country. 

Working Head 
(ft.). 

No. of Units. 

Total Output. 
B.H.P. 

TroHhattan Station .... 

Sweden 

106 

8 

i on nno 

Keokuk Power Station, Mississippi 

U.S.A. 

39 

15 

210,000 

Cedar Rapids Station, Montreal . 

Canada 

30 

12 

129,600 

Aura Plant. 

Norway 

2360 

6 

141,000 

Tata Plant, Bombay .... 

India 

I960 

6 

spoon 

British Aluminium Go., Kinlochleven . 

Scotland 

900 

11 

36,300 
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g c n ts the sea-level, the level in the ticLi I basin 
would also show a cyclical variation as at abc, 
the working head being the intercept between 
the two curves. At their intersection points 
ab the head is zero, and for an interval before 
and after these points the turbines will cease 
to function. The working period and the 
possible output per tide is greater with this 
arrangement, but the variation- of head, with 
all its disadvantages, is very large. 

(ii.) Two Tidal Basins.—When the installa¬ 
tion consists of two tidal basins, power may 
be developed continuously by allowing flow 
through turbines to the sea to take place 
from one called the upper basin during the 
lower portion of the tidal fall, while the other 
or lower basin is emptying through its sluices. 
Flow from the sea through the turbines to 
the latter occurs during the upper portion of 
the tidal nse, and meanwhile the upper basin 
is being filled through the sluices. This is 
shown diagrammatically in Fig. 18. In 
addition to the cost of providing two tidal 
basins this method necessitates duplicating 



Fig. 18. 


turbines, while the output is not larger than in 
the best of the single-basin systems. 

Whichever form is adopted the cost per 
horse-power will vary, other things being equal, 
with the tidal range. Because of this, and also 
because of its favourable configuration, much 
attention has been given to the estuary of the 
Severn, the mean range of spring tides at 
Chepstow having the high value of 42 feet 
and of neap tides of 21 feet, as compared with 
the average value around the coast of Great 
Britain of 16-4 and 8-6 feet respectively. 

It is estimated that if an area of 20 square 
miles could be utilised at the spring tidal range 
of the Severn the average daily output working 
without storage plant would approximate to 
10 million horse-power-hours. 

The principal difficulty, however, in con¬ 
nection -with any tidal-power soheme lies in 
the relatively great fluctuations in head. The 
cyclical daily variations may be provided for 
and continuous operations ensured, but the 
great relative differences between spring and 
neap tides force the choice of either designing 
for the minimum head and thus utilising only 
a small proportion of the available energy, 
with a consequent increase of the power unit 
cost, or of adopting some equally costly form 
of storage. While this is so the vast possi¬ 
bilities which await a development of tidal 
power at a reasonable cost makes it imperative 


that the investigations at present in progress 
should be continued until .success is achieved. 

II. AVMLABILITY OF WATER SUMUNH FOB 

Power or ot.ii.iou Purposes 

§ (31) Pumps. —In order to utilise directly a 
supply of water there must be in addition to 
an adequate quantity an available head cap¬ 
able of being converted into power or used in 
overcoming resistance during its distribution 
for domestic, trade, or irrigation purposes. 
When the supply does not possess the requisite 
head it can bo acquired by the raising of the 
water from a lower to a higher level by meaiiH 
of a properly designed maehitie, and is termed 
Pumping. The power of the machine or pump 
must be sufficient not only to raise the 
required amount in a given time but also 
to overcome the various resistances to How 
encountered in the process. Those consist 
principally of the friction of the pump and of 
the inlet and delivery pipes. The nature ami 
magnitude of the pipe line losses have already 
been dealt with in discussing the loss of head 
incidental to a gravitational supply. The 
characteristics, losses, and efficiency of the" 
different types of pumps will now ho treated 
in turn. 

§ (32) Sooox* Wheels, supposed to have boon 
used by the Chinese in very remote limes, 
are still in operation in the Fen district and 
also in the lowlands of Holland, where large 
volumes of water have to be lifted to compara¬ 
tively low heads of 4 to (> feet, lit some of 
the recent examples they have been capable 
of dealing with 300 to 400 tons per minute 
against a head of 5 to (5 foot, the diameter of 
the wheel being 30 foot by 5 foot wide, and the 
number of revolutions f> per minute. The 
entrance of the water to the wheel is controlled 
by a sluice gate which delays the contact of 
wheel and water until the vanes have nearly 
reached the bottom of their path. Tim tail 
sluice may either be adjustable about a hori¬ 
zontal axis at its lower end or free to lain' up 
a natural position as determined by the 
discharging stream. The efficiency of the 
plant including the drive varies from (Iff to 7fi 
per cent, depending upon the ratio of the wheel 
diametor to the lift. Generally speaking, the 
larger the diameter for a given lift 11 Hie more 
efficient is the pump, and the usual proport ion 
is that the diameter is 10 U.l I. 

§ (33) Archimedean Satww.—’lt is fitting in 
the case of this obsolete type that as there is 
a record of its use in Egypt before Hero’s time, 
so the largest and possibly the last installation 
of importance should he that at Kulalbah in 
1881. It consisted of ten sets of Screws each 
designed to raise 25 tons of water por revolution 
against a total head of 1.2 feet, which, with a 
speed of 6 revolutions per minute, represented 
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120 h.p, pc v r screw. The plant was not a 
success and was soon replaced by another 
type. In the designed arrangement a helical 
screw rotated about an axis inclined to the 
horizontal at an angle less than that made by 
the surface of the helix, and was contained in 
a closely fitting tube, the lower end being 
immersed in water. On rotating the screw, 
the water tended to run down the surface of 
the helix by reason of its greater inclination 
and consequently passed up the tube emerging 
at the top in the head water. Under favour¬ 
able circumstances an efficiency of 75 per cent 
has been reached. 

§(34) ItnomrocATiNG Pumps. —This im¬ 
portant class of pump consists essentially of a 
cylinder in which the reciprocating motion of a 
bucket, plunger, or piston, or a combination of 
these, is used to lift water directly, by the 
action of suction or of pressure. On the up or 
suction stroke of the pump a partial vacuum 
is formed beneath the plunger or piston, and 
atmospheric pressure acting on the free surface 
of the supply produces flow in the suction 
pipe. A volume of water equal to the 
displacement of the plunger is admitted to 
the pump chamber through a foot suction 
valve which on the down stroke closes auto¬ 
matically while an equal volume is transferred 
to the pressure side of the delivery valve. 
Where the arrangement includes both bucket 
B and plunger p, as in Fig. 19, the water 
displaced on the 



Fig. 10. a piston and 

plunger, then 
during the in stroke a volume of water equal 
to the volume of the piston displacement is 
passed through tho discharge valve D, but a 
portion of this is simply transferred to tho 
opposite side of the piston. Tho actual 
discharge during this stroke is only equal to 
the plunger displacement volume. On the 


out stroke the delivery is equal to the difference 
between the volumes of the piston and plunger 
displacements. In each case, therefore, tho 
discharge is divided over the two strokes. 



Let h s — lioad of lowest position of plunger above 
the lower water surface. 

h<i =head of upper water surface above lowest 
position of plunger. 

A a =atmospheric pressure head. 

7q>=head required to overcome Motion of 
suction pipe. 

7t n =head required to produoo acceleration of 
suction water column. 

The pressure head available to produoo flow in the 
suction column and must be not less than 

ha -\-hf. 

If the flow is small h a +hf will nearly equal 0, 
and li s may nearly equal 7 j a or 34 foot approximately. 
In practice 7 j a - h s represents a head of about 10 feet, 
and h, is not greater than 24 feet. 

If A=area of cross-seotion of bucket or plunger in 
square feet. 

L=length of stroke. 

W = weight of cubic foot of water in lbs. 

Then WA7i a = weight of water displaced during suction 
- stroke through a distance L foot. 

WAA,j =>weight of water lifted during delivery 
strokes through a distance "of L feet. 
Therefore tho total work done per oyclo 

~WA(h,+h d )L foot-lbs. =WAIA ri foot-lbs., 
whero h h =>li a +li d => total lift. 

With tho bucket type pump, suction and 
delivery takes place during tho up stroke, 
the return stroke being idle. When a plunger 
is used suction takes place during up stroke 
and delivery during return. In either case 
delivery is intermittent and oocurs during 
alternate strokes. Where a bucket pump is 
converted into the combined bucket-tmd- 
plunger type by the enlargement of tho 
bucket rod the work done per cycle remains 
the same, hut a delivery, equal to the difference 
of the volumes swept through by bucket and 
plunger respectively, occurs during tho suction 
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stroke, while the remainder of the bucket 
volume is discharged during the down stroke. 
For equal discharges on the two strokes the 
area A of the piston or bucket should be twice 
the area a of the rod or plunger. 

To equalise the work done during the two strokes 
of the cycle, when the pump is vertical and the weight 
of the reciprocating parts is W®, the following 
relations are necessary: 

W ;(A -a)h d +M S } -l-Wp = Wah a - W* 

W, , A (h d +h s ) 

and ■ a= W^ + __ 2^ 

§ (35) Single- and Double-acting Pumps. 
—Where suction takes place during one stroke 
only of the cycle the pump is said to be 
single-acting, though the flow is continuous. 
This type may be converted into the double¬ 
acting type by the duplication of suction and 
delivery valves, so that suction takes place 
during both in and out strokes of the piston. 
If the pressure head against which delivery 
is taking place is high or the water being 



pumped contains considerable impurities 
rendering accessibility to packing desirable, 
the plunger type of pump is usually adopted; 
and if the pump is double-acting, outside in 
preference to central packing is employed. 
This is shown in Fig. 21. 

(i.) Variations in Discharge .—In pump de¬ 
sign it is intended that the volume of water 
dealt with either in suction or in delivery 
should just equal the volume of the plunger 
displacement, and it follows that with passages 
of uniform section the rate of flow will depend 
on and vary with the velocity of the plunger. 

A, B, 0, Fig. 22, snows on a time base the 
velocity curve of a plunger driven by an 
ordinary crank of definite radius, during the 
suction stroke, and will also represent to 
some scale the varying velocity of the suction 
water. C, D, E is the corresponding velocity 
curve during the delivery stroke, and will 
therefore be a measure of the discharge 
velocity and for short intervals of time of 
the discharge itself. 

If the pump be a single cylinder, single- 
acting machine, the suction velocity will vary 


from zero at A to a maximum at B, lulling 
again to zero at 0 and remaining ho during 
the return stroke. On the delivery side there 
is no velocity during the period from A to 0, 
after which it begins to rise, reaching a 
maximum at D and thence falling to zero at K. 

Theso fluctuations of velocity may ho 
modified by the introduction of a duplicate 
pump, drawing from the same suction and 
discharging to the same delivery pipes, but 
driven by a crank set at. an angle of DO" with 
the first, the resulting velocities being shown 
by the curve AjFBGOjHI). 



(ii.) Variations of Prtmvre .—Since the flow 
in the suction pipe is dependent on the vary¬ 
ing velocity of the plunger, the water in that 
pipe must bo subject to Jluei nations of pressure 
following on the varying accelerations neces¬ 
sary to maintain contact. These accelerations 
in the flow will ho proportional to the piston 
acceleration a at the same instant. When the 
pump is driven from a shaft rotating with uni¬ 
form angular velocity of « radians per second, 
by a crank of radius r through a connecting 
rod of length l, the maximum values of the 
acceleration, which are equal 1 to w ,J . r(l ;,l; r/l), 



occur when the piston is at its inner or outer 
extreme travel positions, that is at the opening 
of the suction and delivery valves, There 
must ho sufficient force available at these 
points to produce the required acceleration 
if flow is to take place and separation of the 
water column and piston is to he avoided, 
In addition to the accelerating head Jt a them 
is the force necessary to overcome friction 
represented by a head k f . In Fig. 23 (a) the 
1 Bee “ Kinematics of Machinery,” § (a) (1J.), 
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curve ADC measured from OO x as base 
shows how h a varies, -and ABC shows how the 
sum of h a + h f varies from beginning to end of 
the suction stroke. The mean pressure head 
(h&.-h s ) available to balance these resisting 
forces is represented by PE, and the intercepts 
between ABC and FE are a measure of the 
pressure head remaining on the. plunger 
during the suction stroke. If at any instant 
h a - h s is less than h a + h t , separation and 
knocking will ensue. 

The corresponding diagram for the delivery 
side is shown in Fig. 23 ( b). The acceleration h a 
is represented by ADC and becomes positive 
during the latter portion of the stroke. It is 
then diminished by h p the resulting curve 
being ABC, and the resisting head is then .equal 
to h d - h a + h T If, therefore, at any instant 
h a <zh a - hf separation would result. 

If separation does occur, impact between 
the water column and the plunger will subse¬ 
quently take place and pressures many times 
greater than the normal values will he regis¬ 
tered. This would happen during the earlier 
portion of the suction stroke, and if the pressure 
head resulting be equal to the delivery head, 
the delivery valve will open and discharge 
take place directly from the suction to the 
delivery pipe. It may also occur during the 
latter portion of the delivery stroke and the 
oscillations set up may cause the pressure 
head in the pump cylinder to fall sufficiently 
to open the suction valve so that direct 
discharge again results. In either case the 
discharge would bo greater than the plunger 
displacement and its coefficient be greater 
than 1. Even though separation does not 
occur, a rise of pressure which is of the nature 
of water-hammer takes place at the closing of 
the valves owing to tho elasticity of the water 
column and the consequent difference of the 
velocities of the two ends of the column. 

(iih) Air Vessels .—The introduction of air 
vessels on the suction and delivery sections 
is a means adopted for minimising abnormal 
pressures. During the first portion of the 
suction stroke, when normally tho pressure 
behind tho plunger is reduced, water flows 
out of the suction air vessel and the flow 
through the suction pipe is diminished and the 
acceleration and the frictional resistances are 
accordingly also reduced. Tho pressure behind 
the plunger available for maintaining contaot 
is thus higher on account of tire diminished 
resistance and acceleration, and the tendenoy to 
separate is decreased. During the latter portion 
of the stroke when the plunger is being retarded 
tho rise in pressure of the water is damped by 
the surplus flow being absorbed into the air 
vessel Similarly during the first portion of 
the delivery stroke the delivery column, is 
allowed to acquire motion gradually by the 
flow from the pump chamber being passed in 


the first instance into the air vessel, and when 
retardation of the plunger takes place and the 
delivery column tends to lose contact with it, 
discharge is supplied from the air vessel. 

(iv.) Air-charging Device .—In addition to the 
proper’proportioning of the air vessels arrange¬ 
ments must be made for their being kept 
adequately charged. The volume of air in the 
delivery air chamber tends to diminish by 
being absorbed into the continually changing 
body of water with which it comes into 
contact, while the opposite holds good in 
the suction air chamber. In order to equalise 
these changes some form of automatic air 
pump is necessary, and a simple apparatus 
known as the Wipperman air charger is 
frequently fitted. It is illustrated in Fig. 24 
and consists of a small chamber H connected 
by a delivery valve cl to the air vessel A and 
by a screw-down valve k, normally open, 
to tho pump 
chamber, while a 
suction valve a 
gives direct open¬ 
ing to the air. 

During the out¬ 
ward stroke of 
the plunger the 
pressure in H 
falls to the suc¬ 
tion pressure of 
the pump and 
the valve a ad¬ 
mits additional 
air. On the re¬ 
turn stroke valve 
a closes and the 
delivery valve d Fig. 24 . 

opens, admitting 

a fresh charge to the air vessel, where a relief 
valve prevents overcharging. If necessary, the 
air inlet may be connected to the suction air 
vessel, where surplus air tends to collect, in¬ 
stead of to the atmosphere, and is the usual 
method when an air pump is used. 

(v.) Pump Valves .—The operations of suction 
and delivery, as they have been described, have 
implied that the control was by means of 
automatic valves. It has been assumed that 
during suction the inlet control was by a 
valve which opened as a consequence of the 
displacement of the plunger in one direction 
and closed immediately on the motion being 
reversed; also that the outlet control was 
similar but opposite in action, being closed 
during tho suction stroke by the external 
pressure of the discharge water and opened 
during tho succeeding stroke by the excess 
of the pressure in the pump chamber over the 
pressure head of the delivery column. For 
low pressures and slow speeds the procedure 
just described is that which is usually adopted. 
The valves are made of rubber or vulcanite 
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discs working against a perforated grid. 
They are returned to their seat by the action 
of a spring or by reason of their own elasticity 






Wm 


the weight, and the velocity may be reduced. 
Suitable arrangements are illustrated in Fig. 
29, where (a) shows a quadruple-seated suction 
ring-valve and ( b) a three-tier Beehive multiple- 
valve box. 


aided by the pressure of water above them 
and are shown in Figs. 25 and 26. In order 
to withstand the high pressures which have 

S now become common, 
metallic valves were 
introduced. Examples 
of these are the single 
mitre type shown in 
Fig. 27 and the double- 
seated ring valve in 
Fig. 28. The average 
number of revolutions 
for pumps using these 
types of valves is ap¬ 
proximately 60 per 
3 ?ifl. 27. minute. 

The closing of valves 
is accompanied by a certain amount of shock, 
the violence of which depends on the kinetic 
energy stored in the valve and in the follow- 

a ing mass of water 
at the instant of 
closing. This will 
vary as the lift, as 
the weight, and as 
the velocity of the 
valve. ' All three 
are functions of the 
diameter, and the 
^ lift to be fully effect- 

Fig. 28. Re should, in the 

case of a ring single- 
seated valve, be equal to one-quarter of the 
diameter. By an increase in the number of 
valves, the diameter, and therefore the lift, 


I Where high speeds are necessary for obtain¬ 
ing the required discharge special valves are 
used which, by their construct ion, tend to 
modify the shock resulting from . 

sudden changes in the direction J 
of (low at the valves, Among j j [ 
the most successful of these urn hrTiryd 

tho Haste and Gutermuth types. . !j/, 

The former is a conical com- t-AV I )/r^ 
position valve, working on a 
guide stem carried by (he, valve IV 
box, and opening automatically r 4, 

to afford a free, passage of tho !!(lAj 

moving column of water to the 
discharge end of the pump, and is shown in 
Fig. 30a. The (luterimith metallic. Map, Fig. 
30b, is formed from a long strip of sheet 
metal, a portion being coiled several times 
round a spindle, with its inner end held in a 
slot. Tho tension of the Map is adjusted by 
altering the position of the slot. This form 








of valve has considerable advantages over the 
ordinary ring type by reason of its lightness 
and elasticity, being very sensitive and’afford¬ 
ing a free waterway without any abrupt 
changes of direction. A speed of 200 revolu¬ 
tions has been reached My pumps using this 
type. 

Eor still higher speeds mechanically operated 
valves are necessary, and 
7'7y. 31 shows one unit 
f \ <>f a .Reidler Express 

( j pump, where the valves 

V J are worked from a wrist- 

-4 plate driven by an tween- 

T trio on the main shaft. 
I—jl The advantages nf high 

—j| epood are nut confined 


pTsIitHll. 

^j ui reduction in the 
weight and size of tho 
',7 pump when compared to 

the slow-speetl oIhhh, but 
Fig. 81. extend to the discharge, 

where, with very high 
lifts, it is of tho utmost importance to preserve 
the constant velocity of outflow which follows 
from tho greater number of revolutions. 

(vi.) Efficiency ,—With reciprocating pumps 
of tho latest types of construction, eflioieneies 
varying from 80 to 80 per cent may easily 
ho obtained, and when the speed of working 
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is low a well - designed pump may have an 
efficiency of 90 per cent. 

§ (30) Speed Variations.— The method of 
equalising the variations in the resistance of 
the pump has already been dealt with. There 
are, in addition, variations in the external 
forces actuating the pump which require con¬ 
sideration. 

(i.) Direct-driven .—When the pump is steam- 
driven. it may he directly connected to one 
or more steam cylin ders 
by a common piston-rod, 
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so that the total, steam pressure at anv in¬ 
stant is directly transmitted to the water. 
As it is desirable tor the sake of efficiency to 
use the steam expansively, and therefore with 
varying pressure, the pressure in the pump will 
have a considerable range. On the other hand, 
the resistance of the pump is approximately 
constant, and, so it becomes necessary to 
introduce some form of compensator whereby 
sufficient energy is stored "during the .first 
portion of the stroke to supply the deficiency 
which exists in the second. ' In Fig. 32 let 
the ordinates measured from OO x to the curve 
A.BO.D he the total resultant pressures on the 
driving rod during the outward stroke, and 
A(JP the more or loss constant water cylinder 
pressures: then the shaded area included 
above AO represents the excess of energy 
requiring to be stored, and the area included 
beneath OP the deficiency which must be 
met .in the stroke. The best-known method 
of doing so is by the use of the Worthington 
oscillating cylinders, a diagrammatic arrange¬ 
ment of . which is shown in the upper portion 
of the figure. M and L indicate the high 
and low pressure steam pistons actuating 
the pump plunger P through, the rod R. 
To the erosshoad E on the extension of R 
are attached rods which, operate plungers 
in the pair of oscillating cylinders placed 
symmetrically about the centre lino at Q and 
Qv While the crosshead is moving from 
E to H, the plungers are displacing water 
from their respective chambers into a differ¬ 
ential accumulator communicating with an 
air vessel, and work is stored. In travelling 
from Ej_ to E 3 the outward displacement of 
the pltmgors is assisted by the pressure of the 
accumulator, and work is given out. The 
work stored and given out during each, stroke 
in, the equalising cylinders is adjusted to 
balance the variation in energy above and 
below the mean, required in the pump chamber. 

VOL. r 


(ii.) Flywheel and Shaft driven .—Another 
eJass of pumps receive their motion by means 
o a crank from a shaft on which is mounted a 
heavy flywheel, and which is operated directly 
by a steam engine or driven by belt or gearine 
from an electric motor. Here the variations 
oi speed and pressure in the prime mover are 
equalised by the action of a properly designed 
flywheel. Such pumps are usually con¬ 
structed with three pump chambers ‘side by 
side, driven from a common shaft by cranks 
set at 120° with each other, and are termed 
three-throw ram plunger 
pumps. The flow in this 
class is very continuous, 
and the type is largely used 
for boiler feed purposes. 

§ (37) Rotary Pumps.— 
A pump of the rotary class 
is valuable for use where 
lack of space prevents the 
adoption of an ordinary 
plunger pump. It is valve¬ 
less, ^ steady in working, 
and its discharge is practi¬ 
cally continuous. It is 
adapted for working over a large range 
of speeds at comparatively low heads, with 
widely varying discharge, and is frequently 
adopted for irrigation purposes. Its principal 
disadvantage lies in the difficulty of avoiding 
leakage past the rotating surfaces and the 
consequent loss of efficiency. This type takes 
various forms. One consists of a" two-part 
cylindrical easing in which revolve a piston 
wheel and drum, another employs two piston 
wheels. 

The latter is illustrated in Fig. 33 by the 




Tig, 33. 

cross-section of a pump with cycloidal wheels, 
capable of lifting 27,000 gallons of water per 
minute to a height of over 30 feet for irrigating 
rice-fields. 

The right-hand piston rotates counter clock¬ 
wise and drives the water from the lower to 
the upper part of the casing; the motion of 
the left-hand piston is clockwise with the 
same result. 
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An example of the former is the Enke 
pump, shown in Fig. 34, the important feature 
being the non-contact method of arranging 
the piston wheel or displacer and the con¬ 
troller drum to avoid leakage and to minimise 
wear. The displacer consists of three arms F 
machined to fit 
accurately be¬ 
tween a segment 
of the casing and 
a fixed drum D. 
It is carried at 
one end by a disc 
keyed to the driv¬ 
ing shaft, and at 
the other the 
arms are con¬ 
nected by an 
annular disc 
which revolves 
within a recess in the cover. As tho displacer 
revolves the arms fit into recesses in the 
periphery of the controller drum C, causing it 
to turn in another segment of the casing. No 
attempt is made to secure fitted contact 
between the tips of the displacer arms and the 
corresponding recesses, as leakage back of the 
water is sufficiently prevented without it. An 
over-all mechanical efficiency of 80 per cent for 
engine and pump has been obtained with this 
particular form of rotary pump. 

§ (38) Centrifugal Pumps. —In a centrifugal 
pump, pressure energy is imparted to a mass 
of water by the rotation of an impeller wheel. 
The wheel is formed of a number of curved 
vanes, and revolves in a suitable casing. 
When the wheel is charged with water, its 
rotation produces a forced vortex in the mass 
of the water contained, with a resulting 
increase of pressure in a radial direction 
outward and a tendency to outward flow. 
If the speed of rotation is sufficiently high 
the increase in pressure becomes great 
enough to more than balance the static 
head against which it operates, and flow 
takes place. This has the effect of reducing 
the pressure, thus causing water to rise in 
the suction pipe and enter the wheel at its 
centre. 

When discussing the factors which govern 
the working of such a pump, certain assump¬ 
tions are usually made. These are that the 
pump runs full, and that every particle of 
water enters the impeller radially without 
any tangential or whirl velocity, and leaves 
with a common velocity in a direction tan¬ 
gential to the periphery at every point of 
discharge. 

It is possible to establish a relationship 
between the total lift of the water H, that is, 
the difference of level between the surfaces of 
the suction and discharge reservoirs, and its 
whirl velocity w as it leaves the tips of the 


impeller moving with a linear velocity n„ if 
it is assumed that tho work done on the pump 
is just equal to the work done by if, and tho 
efficiency therefore equal to unity. 

Let Q=volume of water dealt with per second 
in culm: feet, 

W — weight per mi hie foot in llm., 
r„ and jy=-~outer and inner radius of impeller, 

Wo and tt>{~ velocity of whirl at r„ umlyyy 
w=angular velocity of Ibe wheel, 

U = \vork done on the water passing through 
per second in ft.-lhs. 

^change per second in its angular momen¬ 
tum multiplied by its angular velocity 

= • - • ( v\,r n •.vepy)w 11. -11 is., 

and since it is assumed that »y 0, while v„ r„w\ 


But tho work done by the wider Wqill, mid since 
this is equal to U, therefore W( v l • nyp'o/g \Vq>II, and 
H. = v> 0 n 0 jff, 

All losses duo to eddy formation, shook at 
entrance) to or exit from the impeller, and 
friction in the passages a,re equivalent to an 
increase in tho head against which pumping 
has to take place, and must he avoided as 
far as possible 
by adopting 
tho form of 
v a n e b o s t 
suited to the 
conditions of 
working. 

(i.) Shock at 
IV n t r y. — T p 
avoid shock at 
e n t r y, t h o 
direction of 
the relative 
velocity of 
av a. t o r a n d 
vane must ho 
tangential to 
the surface of tho vane ah the inner edge, an 
shown in Fig. 35 (a), where 

angle at entrance, 

Ui ~peripheral velocity of vane at, entry, 

ft -radial velocity of Aval, or at entry 
—u t tan ft, 

p; r =relative velocity of water and vane 

= vV+y?. 

If variations in tho speed of the impeller 
occur, tho relations expressed above will not 
be maintained, and shock will result. During 
its travel through the wheel passages the 
relative velocity of water and vane remains 
unchanged, but for tho loss taking place in 
overcoming the Motional resistance of the 
sides, and its direction conforms to tho curve 
of the vanes. 
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(ii.) Shock at -Exit ,.—At exit the water leaves 
the impeller at an angle which is the angle of 
the vane tip, and its absolute velocity v 0 and 
radial component /„ may be determined by a 
velocity diagram, as in Fig. 35 (h). 

If the mean direction of flow in the easing 
can be taken, as has been assumed, tangential 
to the impeller circle and its velocity v, the 
stream discharging from any passage will make 
with it an angle 0, and a loss of energy will 
result, which may be represented by the 
equation 

a . — + b. -- ft.-lbs. 

2ij 2g 

per lb. of the discharging stream, 

where a and b are constants depending on the 
angle 0 and the ratio m of the volumes of the 
main and discharging streams at their junction. 

(iii.) Loss due to Kinetic Energy of Discharge 
Flow.— The casing surrounding the impeller 
is usually designed to include a volute chamber 
the cross-sectional area of which increases 
uniformly from A to B, as shown in Fig. 30, 


as made up of two component velocities, one of 
whirl with the wheel and ecpial to tor; the other 
parallel to the vanes, having a valuo v r , which is 
the, relative velocity of tho water and vane. The 
first corresponds to a rotation in a forced vortex 
with an angular velocity w, and tho equation of 
motion for points on the inner and outer periphery 
of tho wheel would be 


W „ „ 

Pi- 

2(7 


W „ 

=Po~ . 

2(7 


■ Pressuredifference w 2 (*v a -rf 1 ) n 2 -«- a 

~'W ”"----2,,—• 

Tho second component corresponds to an outward 
(low parallel to tho vanes, of tho sanio volume, with 
the wheel at rest. In this case 

Pressure difference f ?y a - 0 ?> r a 
W .2(7 " 

_/i 2 +«i 2 ~/ 0 !J COSee 8 y 
2(7 

Tho total difference of pressure p 0 -pu therefore, 
between the inner and outer edges of tho vanes 
is given by 



and allows a constant velocity of flow If 
free discharge, therefore, is permitted to tho 
upper roservoir at this velocity, a loss equal 
to tho kinetic energy of the discharge stream 
will occur, and have a value of v*j2g ft.-lbs. 
per see. per lb. of water. 

(iv.) Friction Losses in Suction and Delivery 
Pipes. —In addition, the frictional losses due 
to the resistances of tho auction and delivery 
pipes, and which are of tho nature of those 
already dealt with in pipe flow, require to he 
allowed for. 

It follows, then, that tho pressure head 
which must ho developed in tho pump must 
ho greater than tho theoretical value H by 
an amount sufficient to cover these losses. 

(v.) Increase of Pressure Head throughout the 
Pump. —The stops by which the necessary 
increase of pressure is obtained may now be 
examined, as well as any modifications of the 
primary design having for their purpose a 
reduction in the total losses, and therefore of 
the total pressure necessary. 

The actual velocity of n particle of water during 
its passage through tho impeller may be regarded 


Pe -Pi Wfl a +/< a -/o 3 oosoc 8 y 

W ‘ . r 2(7. '.• 

This gain of pressure may bo increased if some frac¬ 
tion b v of tho kinetic energy v r */ l 2g ft.-lbs. contained 
in tho water as it leaves tho impeller is converted 
into pressure head in tho volute chamber, and would 
equal kvV^fZg ft. 

Further, if the discharge takes place from the volute 
into a pipe of gradually increasing sectional area, 
tho angle of divergence being in tho neighbourhood 
of 51°, so that tho moan velocity of flow v in the 
voluto is changed into a discharge pipe velocity of 
I'd ft., tho increase of head between tho voluto and the 
delivery pipe will ho given by 

Pd-Pv 

W " 2 iff f " 

and Jc d will approximately equal -85. 

TIu\ total difference of pressure, through, the pump 
to tho delivery pipe will under these conditions 
equal 

Pd- Pi «„ 8 -| /i a -/ 0 a eoHce 8 

W " .2 g ~ . • 

(vi.) Vortex or Whirlpool Chamber .—-Since the 
efficiency of tho pump depends very largely on the 
conversion of the kinetic energy of tho water leaving 
the impeller into pressure energy, many devices have 
been tried to secure this end. One of these, devised 
by Professor James Thomson, is the vortex or whirl¬ 
pool chamber, circular and oonoontrio with, but of 
larger diameter than, the impeller, and introduced 
between tho latter and tho voluto. It is shown in 
lower half of Fig. 30. Tho water on leaving the 
vanes forms approximately a froo vortex, and as 
tho velooity diminishes towards tho outside of tho 
chamber tho pressure increases, assuming there is no 
eddy losses, thus: 

Po-PoJOcf-v^ 

W ~ 2g ‘ 
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If the ratio between the inner and outer radii of this 
chamber equals C, then v c jv 0 =V, and 

ft. 

W % 2r/ 

Owing to eddy formation the gain in pressure is only 
a fraction h c of this amount, its numerical value 
varying from 4 to -5. The effectiveness of the dovico, 
if full advantage of- it is desired, is marred by the 
necessity of unduly increasing the over-all dimensions 

of the pump. . , , , , 

(vii.) Guide Vanes— Another device intended to 
counteract the tendency to instability of motion and 
the formation of eddies on leaving the impeller con¬ 
sists in the introduction of fixed guide vanes designed 
to receive ■without shock the water from tlio inipcller 
and to direct it by diverging passages either into a 
vortex chamber, as just described, or into the volute. 
The upper portion of Fig. 36 shows the latter arrange¬ 
ment. The angle of entrance of these guides should 
be parallel to the path of the water particle as it 
leaves the impeller and equal to a. (Fig. 35 (&)) if shock 
is to be avoided. When the pump is required to 
work under varying conditions the angle should be 
suited to that of maximum efficiency. When this 
condition is departed from considerably, the result 
may he that the guides are a source of loss instead 
of a gain in efficiency. It will be seen from Fig. 35 (b) 
that the entrance angle is represented by 

, - 1 fo 

<x=tan --• 

u 0 -f 0 cot 7 

Since the velocity of the water is at its maximum 

when leaving the impeller, and as only 

a portion of its kinetic energy can be ^ 

recovered though every precaution is 

taken, it follows that the velocity of ~1FU 

discharge should be kept as low as is jp 

consistent with maintaining the efficiency 

of the pump. ! 

Efficiency. —The useful work done by r| 

a pump per lb. of water may be taken 
as represented by H +’Hf+v ll 2 j2g ft.-lbs., ) 

where H is the total difference of level 1 

between the suction and delivery sur- \ 

faces; H/> is the , equivalent of the 
friction loss in the suction and delivery 
pipes; and v& is the velocity in the 
discharge pipe. The summation of these may bo 
termed the equivalent head H m . The work which 
theoretically must be done per lb. of water when all 
losses are neglected is «i 0 ii 0 /pft.-lbs., and to this must 
be added L/ ( the sum of all the hydraulic losses, and 
L m that of all the mechanical losses. The efficiency 
7 ) of the pump is then given by the ratio: 

Useful work done by the pump p er lb. of water passing 
Total work done on the pump per lb. of water passing’ 
and this is equal to 

H m 

w 0 u„/g 4 -(L m +L h )/WQ’ 

. = __ 

" V « 0 (W 0 cot 7 )/p-HL m +L,J/WQ - ■ 

So far as this depends on the angle 7, it is 
evident that a reduction of 7 will increase the 
efficiency of the pump, and in addition give 
to the passages a more uniform cross-section. 


It must not be forgotten, however, if the bend 
H to be pumped against remains the same, 
that any decrease of w„ elleetod by a re¬ 
duction of the angle 7 requires an increase 
of the peripheral speed u 0 , with consequently 
an increase of frictional loss. In practice the 
value of 7 varies from about 15° to 1 ) 0 ", depend¬ 
ing on the purpose for which it is designed and 
the head against which lift takes place, the 
maximum permissible value .increasing with 
tlio working head. 

Single impeller pumps are used for heads 
between 6 and 100 foot and have an actual 
efficiency of over 7/> per cent, anti the efficiency 
is woll maintained through a fairly large range 
of speeds. The limit set to the maximum 
lift of this pump by the high speed of rotation 
necessary, and the consequently excessive 
frictional and eddy losses which, occur, have 
been overcome by the introduction of the 
§ (39) Compound MuMmvw On am unit Pump. 
—This consists of a serins of two or more im¬ 
pellers on the same shaft, each, pumping water 
into tho central space of the next adjoining, 
with tho exception of the last, which pumps 



C:.n 


directly into tho delivery pipe as shown in Fig, 
37. Tho impeller diameters and vane angles 
aro made tho same for each chamber, and 
tho total, lift is equal to the lift of one stage 
multiplied by tho number of stages, .bills 
up to 11500 feet aro possible by this arrange¬ 
ment. Guido varies are almost invariably 
used with the multiple typo, as it is onset) tin! 
for efficiency that as far as possible the kinetic 
energy of discharge from each wheel should be 
converted into pressure energy before entering 
tho next chamber. In most cases the impellers 
aro mounted in pairs hack to back, with the 
flow in opposite directions, by which, method 
the end thrust which occurs in single-inlet im¬ 
peller wheels is conveniently neutralised. For 
multiple pumps the impeller vanes are of the 
enclosed type, thereby reducing the leakage of 
water between the pump-case and the vanes, 
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and also the disc friction of rotation. A centri¬ 
fugal pump before starting is charged with 
water, a foot-valve being provided to allow of 
the charge being retained. To enable de¬ 
livery to begin, the conditions of rotation of 
the wheel must satisfy the equation 

Po ~ Pi _ «0 a - W 2 (r 0 2 - n a ) TT 

W ~ 2(J ~ 2ff ' ^ ,H - 

§ (40) Other Pumps. — In the types of 
pumps already considered the operating force 
has been applied through the medium of a 
rigid solid, such as a piston or a revolving 
wheel. There is, however, an important group 
where the solid is dispensed with and a fluid 
in direct contact with the water supplies the 
motive power. This group will now be con¬ 
sidered. 

§ (41) Pulsometer Steam Pumps. —This 
pump is closely related in fact, though not in 
appearance, to the steam reciprocating pump. 
There is no piston, and the steam which is the 
working fluid acts directly but alternately 
on the surfaces of the water, contained in two 
pear-shaped chambers cast side by side in 
one piece. An oscillating valve common to 
both chambers is placed at the junction of 
their stems, and when the valve admits 
steam to one chamber it doses to the other. 
Under pressure of the steam the water with 
which the chamber has been charged* ready 
for starting is forced through a foot-valve 
into the delivery pipe. Condensation of the 
steam remaining takes place, expedited in 
some cases by the injection of a fine water 
spray, and the reduction of pressure which 
ensues closes the steam inlet valve and the 
delivery foot-valve while opening the suction 
valve, and admits water from its inlet opening 
at the bottom for a fresh charge. The same 
cycle of operations takes place in the other 
chamber consequent to the movement of 
the steam valve, so that delivery in one 
chamber synchronises with suction in the 
other. 

The use of this class of pump is limited by 
practical considerations to lifts below about 
100 feet, the most efficient steam pressure 
being from 45 to <>0 lbs. per square inch, though 
a lift of 170 feet has been attained with steam at 
100 lbs. pressure per square inch. The capacity 
of such pumps based on a lift of 20 feet varies 
with the size from 1000 to 150,000 gallons per 
hour. Its efficiency is not high, but it is a 
useful and cheap appliance for pumping of a 
temporary kind, and it has the great advantage 
of not requiring any provision for fixing, being 
suspended by means of a chain or rope at the 
desired level. 

§ (42) Gas Displacement or Humphrey 
Gas Pump.' —The Humphrey gas pump bears 
a similar relationship to a gas engine working 
on the four-stroke cycle as the pulsometer 


does to the steam engine. It is a develop¬ 
ment in the direction of utilising the force 
obtained from the combustion of an ex¬ 
plosive mixture of gas and air to raise 
water by direct pressure. The action of 
the pump is as follows. At the beginning 
of the power stroke a charge of gas and air, 
compressed between the end of the combustion 
chamber G (.Fig. 38) and tho column of water 
contained in the delivery pipe D continuous 
with it, is ignited by electrical spark and 
expands. By this means the water column 
is set in motion, acquiring momentum, and 
part of its contents is discharged. Due to 
the momentum the expansion is continued 
until the pressure falls to or below atmospheric, 
when the water valves W connecting to tho 
suction tank ST and tho exhaust valves E 
open by suction effect, the gas inlet valve I 
being meantime looked shut. Its momentum 
exhausted, the water column oscillates back 
while the products of combustion are dis¬ 



charged, the exhaust valve remaining open 
until closed by impact, after which compression 
of the remaining air in the combustion space 
takes place. This is followed by another 
expansion, during which the gas inlet opens 
and a fresh combustible charge is taken in, 
while tho exhaust valve is looked shut. Tho 
return oscillation closes tho inlet valve and 
compresses tho charge until tho water column 
is again brought to rest, when ignition takes 
place and tho cycle starts afresh. 

If two combustion chambers are provided 
instead of one and the inlet and outlet valves 
of the one alternate with those of the other 
by one complete oscillation, tho arrangement 
corresponds to a two-cylinder gas engine and 
tho discharge is approximately doubled. 

The pump in either of its forms may bo 
adapted to work with a suction lift, and can 
bo utilised for operating against a high- 
pressure head by introducing two air vessels 
separated by non-return valves as an integral 
part of the delivery pipe. On test a thermal 
efficiency of 23 per cent has been obtained, 
which is equivalent to a consumption of 
nearly 1 lb. of anthracite per water-horse¬ 
power per hour. 
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A set of five pumps of this type, with a 
total estimated capacity of 180 million gallons 
per day and a lift of 30 feet, was constructed 
for the Metropolitan Water Board for use 
at their Chingford Reservoir. The rate of 
working approximates to 12 cycles per minute, 
and in each of the larger units 10 tons of water 
are delivered per cycle. 

§ (43) Hydraulic Ram.-— The hydraulic ram 
forms another of this group, the working fluid 
in this case being water, and use is made, as 
in the gas displacement pump, of the water- 
hammer principle. A valve-box B (Fig. 39) 


Oe/f'uery lone/ 



is placed in communication with a running 
stream or supply pipe having a small operating 
head. A waste valve w when open permits 
of a flow being set up under the influence of 
this head until the dynamic pressure on the 
inner side is sufficient to close it. The effect 
of the sudden closure of the valve is to cause 
an increase of pressure- great enough to open 
a delivery valve d communicating with a 
delivery pipe D through an air vessel A. A 
portion of the water which escapes is used 
to compress the air in A, and a portion passes 
up the delivery pipe before the momentum of 
the column is absorbed. The pressure in the 
air vessel reacting initiates an impulse in the 
opposite direction, the delivery valve closes, 
and the reduction of pressure in the valve- 
box which results enables the waste valve to 
again open. The normal flow resumes with the 
next oscillation, increasing until the dynamic 
pressure once more closes the valve. By this 
method a low-head large flow is enabled to 
h'ft a smaller flow through a large head. 

The efficiency of the ram depends on what 
is considered the effective lift of the discharge 
Q. If this is assumed to he the difference be¬ 
tween the levels of the supply intake H and 
the surface of the storage tank h (l , then the 
useful work done is represented by Q(/i d - H), 
while the work done on the ram equals q . H 
and t? = Q. (i i a ~ H)/</H, where q —water flowing 
past waste valve. 

If, however, the useful lift is regarded 
as h d , then 

Q.A d =the useful work done by the 
ram, and 

(0,+q). H=the work done on it, and 

v=Q.MQ+#. 

The values obtained on the first assumption 


are consistently lower than with the second, 
but even on that basis the efficiencies where 
the delivery head does not exceed four times 
the supply head may bo as high as 75 per 
cent. For a given supply head the efficiency 
of the ram falls off very rapidly with an 
increase of the delivery head ratio above the 
value just given. For small diameters of 
supply pipe this type of pump gives excellent 
results, but with larger siy.es trouble is apt to 
arise through excessive shock when the valve 
is suddenly closed. To obviate this some¬ 
times an air dashpot is lifted to the waste 
valve spindle, but while effective for this 
purpose it has the disadvantage of lowering 
the efficiency of the pump, since slowness 
of closing, allowing leakage past the valve 
at the time when the velocity of the waste 
water is at its maximum, moans a larger 
proportional loss of energy, compared to the 
whole kinetic energy of the water column. 
The introduction of mechanical regulation of 
the valves enables this typo to ho successfully 
applied to the pumping of wator on a much 
larger scale and against greater heights than 
is possible where automatic valves are used, 

§ (44) Jet Pump. —The working fluid :in the 
jet pump is also water, bub the principle of 
working is quite different. It is operated 
by the conversion of the high-pressure energy 
of a water supply into kinetic energy, and 
as the velocity is increased the pressure 
diminishes until it may ho that a pressure 
less than atmospheric is reached, This is 
effected in the passage of the water through a 
converging nozzle N (Fig. 40), which is 



surrounded by a concentric chamber 0 
communicating with the lower reservoir by 
means of a suction pipe. The reduction of 
pressure at the face of the nozzle due to the 
issuing jot induces How in this pipe which 
combines with the wator from the jot and is 
carried forward into a diverging portion of 
the discharge pipe I). There the dynamic 
pressure is partly reconverted into pressure 
energy sufficient to maintain flow against 






HYDRAULICS 


519 


the discharge head. The energy contained 
per lb. of the combined streams is 
PjW + v//2g, and must be equal to H d + the 
losses between the vena contractu and the 
delivery surface, where p a , v d , and are the 
pressure, velocity, and head in the delivery 
pipe. 

Tim square of the velocity necessary for 
delivery varies as H d and is independent of 
tho suction head h s , and as the loss of energy 
is proportional to v d 2 it will also be proportional 
to H (i . Eor a given lift, therefore, the suction 
head should be made as great as possible. 
_The useful work done by the pump 
The work done on it 
= Qs • (H,j + 7*,) 

where Q a and Q }> are tho quantities from 
suction and pressure supply respectively, and 
h,j, is the high pressure head. 

Tho actual values of y reached do not 
exceed 30 per cent, and are usually round 
about 25 per cent. 

This low efficiency may he increased by 
substituting for the single - stage impact 
botweon tho streams a multi-stage arrange¬ 
ment. By this means tho loss of energy due 
to shock when the high velocity jet meets 
tho low .velocity flow is substantially reduced, 
and the efficiency may be raised to 33 per oont. 

When tho fluid used for the high-pressure 
jet is steam tire injector becomes tho well- 
known. locomotive typo associated originally 
with the name of Giffard and largely used for 
boiler feed purposes. 

Another modification may bo mentioned 
whom tho above process is reversed and a 
high-pressure water jot is used to draw away 
steam from, and to maintain a vacuum in, 
tho exhaust chamber of a steam engine. This 
combination is termed an Ejector Condenser. 

§ (45) Am-Lin'T PuMi’.—Tho method, of rais¬ 
ing water on the aeration principle is another 
example still of the direct application of a 
working fluid, and has found considerable 
favour during recent years especially as 
applied to artesian wells. It consists primarily 
of two pipes, one (A, Fig. 4.1) having its lower 
end submerged in tho liquid to bo raised and 
its upper cud arranged to discharge into a 
reservoir at tho required height, and tho 
other («) for conveying air from' a compressor 
to a norale n, situated in tho submerged 
opening of the rising main, Tho air is diffused 
through the water in the uptake pipe and 
forms a mixture having a low specific gravity. 
The pressure of the heavier fluid in the 
surrounding easing forces tho lighter mixture 
above the supply level, and out of the top of 
the delivery pipe. Tito difference of pressure 
thus obtained determines the height to which 
the water can be lifted, and will vary with I 


the depth of submersion of the pipe. A 
sketch of threo alternative forms of the 
arrangement is shown in Fig. 41. 

. -^ ie a h' tube may be fitted either concentric 
internally or externally to the uptake pipe 
or parallel, to it. To the first (1) of these 
methods.tho objection is raised that it increases 
the frictional resistance to the water flow and 
consequently lowers the efficiency, but it is 
very convenient in the case of a small bore 
hole. . The second (2) admits of more effective 
air distribution which is an essential in this 
tyP e °f pump, but where the well is of large 
diameter the system of parallel pipe (3) has 
the advantage of being most readily access¬ 
ible and very flexible. Broadly speaking, the 



least pressure of air that will give continu¬ 
ous flow is the proper pressure to use. Its 
approximate value is -05 lb. per square inch 
for each foot of lift from the surface of the 
wator. 

The efficiency of this type of pump is low, 
and reckoned as the ratio of water H.P. 
to the compressor cylinder I.H.P. does not 
exceed 45 per cent. If calculated from the 
indicated power of the prime mover not more 
than 30 per cent would probably be registered. 
Against this low efficiency must be set the 
simplicity of tho mechanism of the pump, 
its ease in setting up and the immunity it 
possesses from the scouring and choking 
effects of sand or sediment. These latter 
considerations probably account for the revival 
of interest in this ingenious type of pump. 

III. Trim Application op Water Power to 
Industrial Purposes 

§ (46) The Energy op Stored Water. —It 
has been seen how supplies of water can be 
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collected from natural sources and stored, 
or made available by artificial means for the 
purpose of distribution to satisfy the require¬ 
ments of the consumer. It is with the means 
taken to utilise the power latent in a supply 
that it is now proposed to deal. 

The capacity for work of a store of water 
may be made the means of furnishing work¬ 
ing forces during the descent of the water 
from a higher to a lower level, through a 
properly designed machine, whereby a steady 
motion of that machine may be maintained 
against various resisting forces. If Q be the 
quantity of water in cubic feet per second 
available, H the total available head in feet, 
and W the weight of 1 cubic ft. of water, then 
the Capacity for work or Potential Energy 
of the water=WQH it.-lbs. per second, and 
this is equivalent to H ft.-lbs. per second 
per lb. of water. The ratio of the useful work 
done by the water in its descent to the poten¬ 
tial energy or capacity for work latent in the 
water when stored is termed the efficiency of 
the machine. Machines designed to utilise 
this potential energy are called Hydraulic 
Motors or Prime Movers. The work done is 
due entirely to the loss of head of the water 
during its descent, but the method of applying 
the energy will depend on the type of motor 
selected. In general, it consists of a wheel 
which is caused to rotate either by the weight 
of, the descending water or by the dynamic 
pressure arising from a change in direction 
and velocity of the moving stream. Piston 
engines, where the water does work in virtue 
of its static pressure only, form, however, an 
important class. 

When the water enters the wheel at one 
part only of the circumference the machine 
is called a W ater-wheel; when it enters the 
entire circumference more or less simultane¬ 
ously it is called a turbine. For convenience 
it is proposed to classify the various types 
into the three main divisions : (a) water-wheels, 
(b) turbines, and (c) pressure engines, and to 
consider them in that order. 

§ (47) Water-wheels. —In this division the 
working force is obtained : 

(i.) By the weight of the water, producing 
rotation as in the overshot and breast wheels; 

(ii.) By utilising the kinetic energy of a 
moving stream as in undershot wheels ; 

(iii.) From the impact of a high velocity 
jet of water as in the Pelton wheel, 

. (i.) Overshot Wheels .—The construction of 
this type of motor, which was very general for 
small powers with heads ranging from 15 to 50 
feet, is very simple and is illustrated in Fig. 42. 

The water is supplied, as near the highest 
point of the wheel as possible, to a series of 
buckets formed of shrouded vanes, and 
escapes when the outer part of the bucket is 
horizontal, which occurs before the lowest 


position of the bucket is reached. r .l 
head is less than the theoretical htuul 
an amount winch depends on this 
position, and (b) by the amount re 
supply the kinetic energy of the Bt 
h is equal to the total head thuH 
then II - h will represent that avn 



useful work and the efficiency p< 
= (H -7i)/l-I. 

Maximum efficiency is obtained ’ 
peripheral velocity of the wheel is 
one-half the velocity of the inllo' 
To prevent loss by shock at on trail 
buckets the vane angle at the tip fi 
parallel to the relative motion of t 
and vane there. This angle is usually 
to make 25° to 30° with the tangoi 
circumference, and as a consequence U 
retains water for a vertical distant 
equal to *8 of the wheel diametoi 
working under suitable condition o: 
up to 80 per cent may be obtained. 

(ii.) Breast Wheel .—Where the worl 
ranges between 0 foot and 15 feet hi; 
is admitted to the 
buckets at some 
point situated in 
the breast of the 
wheel ( Fig. 43). Any 
loss of head duo 
to the premature 
escape of the water 
from the buckets p IG> ,|;; 

becomes propor¬ 
tionately greater, since the head in 
is prevented by the building of « 
work of masonry with a minimum 
between it and the wheel. Breoaubi* >i 
to those taken in the overshot by pi 
quired to prevent shook at entry, m\ 
provision is made of air vents ah i 
circumference of' the wheel to lot th> 
as the water rushes into the buokotH-, 
favourable circumstances an efficient 
per cent may be reached. 

The Sagahien wheel is a - form, r, 
wheel in which the bucket is rep] 
long flat vanes, tangential to a circle ei 
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with the wheel and making an angle at the 
outer circumference parallel to the relative 
velocity of water and vane as shown in Fig, 44. 
The velocity of rotation is proportional to the 
flow, and the wheel is therefore capable of 
dealing with large variations of supply. Any 
increase of the load, however, has the effect 
of slowing down the 
wheel and reducing 
the supply just at 
the time when an 
increase of energy 
is most required. 
Efficiencies up to 
SO per cent have 
been attained by 
this form. 

(iii.) Undershot and Poncelet Wheels ,—In 
the undershot wheel adopted for low heads 
of 3 feet and under, work is done by the 
action of a moving stream impinging against 
a series of radial vanes set round the circum¬ 
ference of the wheel, the change of momentum 
of the water being a measure of the force 
applied. The wheel dips into the stream, 
the tips of the vanes just clearing the bottom 
of the channel. A maximum efficiency of 
50 per cent is obtained with a peripheral 
. velocity of wheel one-half the velocity of the 
stream, but in practice the efficiency does not 
reach more than 
35 per cent. 

A modification 
of this wheel is 
the Poncelet wheel 
[Fig. 45), where 
the vanes instead 
of being radial are 
inclined backward 
to make an angle 
at the tips with 
the circumfer¬ 
ence. By this 
means loss at 
entrance due to 
shock is avoided, 
while if properly designed the loss of energy 
in the discharge stream is reduced. 

If t)<=“tho absolute velocity of water at entrance, 
a angle which it makes with the tangent 
to the circumference at the tip, 

■u^peripheral velocity of vane tip. 

(а) To avoid Shock at Entrance .—(Since »< and 
are completely represented by ah and ch respectively 
(Fig, 45), the relative'velocity {v r will be represented 
by an, and the angle /i which it makes with m should 
he that between the vane and the eiroumforenco. 

(б) Minimum Loss of Kinetic Energy to Discharge 
Stream .—The relative velocity of water and vane 
cm discharge will also make an angle (3 with u 0 , and if 
it bo assumed that there is uo frictional loss in the 
bucket it will have the same value but bo opposite 
in direction, and will therefore be represented in 
the liguro by ca. Since n 0 is the same as iq, the 


absolute velocity of discharge jf will be represented 
by bja, and will be a minimum when its direction is 
perpendicular to u 0 , and have a value of Vi sin a. 
In this case vi cos a =2 U{. 

Ihe capacity for work of the water at entrance 
is proportional to vp and the energy transferred to 
the wheel to vp — vp, 

. T7uv> • iv“ — vf 2 vp(l — sin 2 a) 

• • Efficiency y = —— r ,-A =~i-L—--=cos 2 a. 

nr Vi¬ 

et, is usually made equal to about 15° and the 
theoretical efficiency of the wheel is 93 per cent. 
Again, since tan /3 =2 tan a, the value of (3 is 28-2°. 

(iv.) Pelton Wheel. —By far the most im¬ 
portant of the class of water-wheels is that 
known as the Pelton wheel, almost invariably 
adopted for heads over 500 feet. It is of a 
purely impulse type. The water is supplied 
to one or more nozzles in which the potential 
energy measured by the fluid pressure is 
converted into ldnetic energy. The issuing 
jet from the nozzles is directed on to a series 
of buckets fixed round the periphery of the 
wheel. In the first stage of its development 
the buckets consisted of flat plates, but these 
were later replaced by hemispherical cups, 
fixed alternately on each side of the centre 
line of the wheel and concave to the jet, 
whereby the theoretical efficiency of the wheel 
was doubled and made equal to unity. Since 
then the improvements have been mainly in the 
direction of evolving a type of bucket which 
would bring the practical efficiency within a 
reasonable distance of the theoretical one. 

For the cups there has been substituted a 
series of concave buckets fitted with knife-edge 
ridges so as to split the jet, and having curved 
surfaces arranged to deflect it to the sides 
of the wheel with as little friction as possible. 
In this manner the central portion of the jet 
is used with the greatest effect. 

These improvements have been so successful 
that with the designs now iti common use 
efficiencies up to 89 per cent are being obtained. 
In addition there is a long range of loads within 
which efficiency is well maintained, having a 
value of 85 per cent at half load and reaching 
80 per cent at one-third of the normal loading. 

(v.) Efficiency of Pelton Wheel. —This de¬ 
pends on the velocities of the jet and wheel, 
tlio angle at which the jet strikes the bucket, 
and the angle through which it is deflected. 

We assume, as a first approximation, that 
the jot is moving tangentially to the wheel at 
impact and is deflected through an angle 
which approaches 180°. The modifications 
required if the jet is not tangential will be 
found in books on hydraulics. 

Let u bo the velocity of the bucket at the point of 
impact—the centre of the jet, 
v the initial velocity of the jet, 
c the ratio of the relative velocity after impact 
to its value before, 
y the angle of deflection of the jet. 
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Then 

Relative velocity before 

impact . • • ~ v ~ u > 

Relative velocity after 
impact . • • =e(r —«)> 

Absolute velocity in tan¬ 
gential direction after 
impact . • • —u-\-c(i>—u) ccs y. 

Change of momentum per 
second per lb. of water 

striking the wheel . = w — ■{ w+c(v — u) ooa 7 / 

=(«-«){!-coos 7 }» 


Work done per lb. per 

—CCOS7) 

second . . . = ~r~ 


ft-lbs., 


Efficiency 




u(v-u)( l-o cos 7 ) 
gh 


To find for what value of u the efficiency is 
a maximum, assuming c and 7 independent 
of u, we put (h]/du - 0 , whence we obtain v = 2 m, 
or the velocity of the wheel at the point of 
impact is half that of the jet. 

In this case 

v 3 (l — c cos y) 1 ,, , 

Efficiency———-= g(l ~ c cos 7)> 


since v is the velocity due to a fall through a 
height h. If there be no friction in the buckets 
and the jet is deflected 180°, then c cos 7 = -1 
and 97 = 1 . In practice the angle of deflection 
is about 160° and the maximum theoretical 
efficiency is about 95 per cent. Other losses 
bring this down to about 85 per cent. 

(vi.) Design of Buckets .—The path of the 
water particle across the bucket is represented 
in Fig. 46 for two positions : (i.) where the 
jet first impinges on the bucket, (ii.) where 



the jet is nearly parallel to the tangent to 
the wheel at the point of impact. 

In (i.) the direction of the relative velocity 
at incidence is given by ab, the point of im¬ 
pact being b. It is shown diagrammatically 
deflected by the curvature of the bucket 
until at c its tangential direction is reversed, 
and it finally leaves the wheel at d, where its 


relativo velocity should bo parallel to u, and 
equal to it if its absolute tangential velocity 
is to be zero. 

In (ii.) the jet strikes the bucket nearly 
parallel to the direction of u and a is approxi¬ 
mately zero, therefore the relative velocity is 
tangential and in the direction ab. .Its direction 
is reversed at c and the full deflection angle is 
completed at d. For zero absolute' tangential 
velocity at that point a » r = ]?>,. — v . u ■■ v, there¬ 

fore v-2u. The width of the buckets is from 
three to five times the diameter of the jet, the 
ratio varying inversely as the size of the jet, and 
the ratio of the wheel and jet diameters should 
not he less than 10 . The number of the 
buckets should ensure that the jot is con¬ 
tinuously intercepted, each bucket being in 
action until the one following is in a position 
to receive the jot. 

(vii.) Speed .Regulation, — With any con¬ 
siderable departure from the theoretically 
correct ratio between the velocities of the 
wheel and jot there is a substantial reduction 
in the efficiency, and if the latter is to he 
maintained the means of regulation adopted 
should enable this ratio to he kept as nearly 
constant as possible through wide variations of 
load. There should also he, in response to 
load changes, corresponding changes in the. 
quantity of water used, and any retardation 
of the flow in the pipe line when necessary 
must be slow and gradual if dangerous increases 
in the pressure are to ho avoided, 

Since the wheel as a prime mover has to 
maintain a constant speed of rotation however 
the load fluctuates, it follows that for the sake 
of efficiency the velocity of the jet must also 
be kept constant. When load is taken oil 
therefore the method of regulation should 
consist either of diverting, wholly or partially, 
the jot from the wheel, the total quantity of 
water used remaining the same, or of diminish¬ 
ing the quantity while still keeping the velocity 
of flow constant. 

The .means of applying the first of these 
forms of regulation 1 h by swivelling the nozzle, 
which is then lifted with a bull-nnd-soekot 
joint, or by interposing a deflector * plate 
between the nozzle and the wheel and ho 
causing the stream partially to miss flm 
bUokots at part load. Under these conditions 
there is an obvious waste of energy and the 
direct discharge of the jet into the wheel pit 
may prove troublesome, but there are the 
advantages that no sudden rise of pressure 
will occur on change of load, and the (low 
through the supply pipe will he constant, 
This method of regulation is seldom adopted 
in its simple form but frequently as part of 
a combination regulator. 

The use of a simple throttle valve situated 
in tiro supply pipe to diminish the quantity 
of water with the load would result in varying 
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the velocity at the jet and inducing ,a water- 
hammer effect on partial closing, besides 
causing a loss of energy by the obstruction 
it presented in the pipe. 

The arrangements actually in use are of 
two types : 

(a) Where the nozzles are rectangular a 
portion of the jet may be cut off by a sluice 
sliding across the orifice. The nozzle at A 
(Fig. 47) shows the upper side formed by a 
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Fig. 47. 

flap hinged at a, fixed in position by a 
connecting-link attached at b and operated 
from the governor. The hood regulator in 
the example B consists of a quadrant pivoted 
at c and worked by a hand-wheel through a 
rod connected at d. 

(h) The section of a circular jet may be 
partially or wholly reduced by the endways 
movement of a spear or needle regulator, 
\ consisting of a 

‘Tjffiir needle of tapering 

.section fitted in- 
side the nozzle 
axially with the 

I jet as shown in 

Fig. 48. Fig.4:8. When pro¬ 

perly proportioned 
the jet issues as a clear and transparent 
rod more or less hollow but converging to a 
solid cylinder of water at a short distance 
from the nozzle. Tins needle is a feature of 
practically all regulators now in use. 

The regulator in most cases is worked auto¬ 
matically from the governor, and the operation 
may be divided into the two stages of obtaining 
the necessary power and applying it. With 
higli- pressure and largo - capacity machines 
the power required to move the regulator, 
if directly connected, would be beyond the 
capacity of an ordinary mechanical governor. 
Because of this an hydraulic type actuated 
by water pressure was evolved, but this is 
now generally replaced by an apparatus de¬ 
pending on oil pressure. The principle on 
which it acts is illustrated diagrammatically 
in Fig. 49—high- and low-pressure oil supplies, 
A and B, are connected to a chamber C in which 
a distributing valve works ; the valve passages 
communicate with the opposite ends of a 
cylinder containing a piston, the motion of 


which operates the regulator. When tho 
position of the governor balls changes as a 
consequence of load variation a rise or fall of 
the sleeve E occurs ; there is an angular move¬ 
ment of the lever EG about G as a centre, a 
displacement of E and therefore of the dis¬ 
tributing valve takes place. Oil under press¬ 
ure is accordingly allowed to pass to either 
the top or the bottom of the piston, which 
moves correspondingly. In addition to its 
action on the regulator this alters the 
position of G, and there is a further 
angular movement of EG, with E* as its 
. centre, which tends to restore E to its mid 
„JS position. • When this occurs pressure is cut 
_ off and the piston comes to rest. The 
mechanism is then in readiness to meet 
any fresh fluctuation of speed. Thin 
arrangement, or some modification of .if*, 
is practically standard as a means for 
obtaining power to actuate the regulator. 
There still remains, however, the difficulty 
of applying the methods of regulation in 
such a way as to prevent a rise in pressure 
following a sudden closing of the valve. This 
is met in two ways : (1) a by-pass valve (Fig. 
47 (A)) in the supply pipe is opened temporarily 


a 1 ; 
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to permit of the passage to waste of the water 
checked by the sudden closure of the regulator; 
or (2) regulation is secured at first by the uso 
of a deflector - plate to divert the jet, and 
afterwards by closing the needle so gradually 
and slowly as to prevent any serious rise of. 
pressure. When stable conditions are restored 
the by-pass valve is shut or the deflector in 
swung clear of the jot. 

This method of regulating by combined 
needle and deflector is tlve most common of all, 
and the application of the motion of tho piston 
to it is shown, in Fig. 50. HK is a link pivoted 
at I) and K, and oarrying a pin at H, This 
pin works* in a slot in the end of the needlo 
rod NH, and holds the needle regulator 1ST in 
any required position against the pressure of 
a spring S. This spring works in a dashpot 
J. On the motion of the piston tho point 1) 
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moves to D ls causing the deflector M to cut into 
the jet, and the link pin slides along the slot 
from H to Hj. The pressure of the spring S 
tends to close the needle suddenly, but its 



movement is damped by the dashpot fluid so 
that the closure is slow and only continued 
until the end of the slot again bears on the 
pin H. 

(viii.) Surge Tank .—If the length of the 
supply pipe line is considerable in comparison 
with the total head it may be that the water 
in the pipe line cannot accelerate with sufficient 
rapidity for good governing in the case of a 
sudden demand. This obviously cannot be 
dealt with, by the regulator, and a remedy is 
found in the provision of a standpipe or surge 
tank. The standpipe consists of a vertical 
open pipe with its lower end connected to the 
supply pipe near its junction with the prime 
mover; its height is such that under a static 
pressure equal to that of the supply head the 
water level is a little below the top. An in¬ 
crease of pressure at the prime mover, due to 
a sudden closing of the valve, causes the water 
nAo rise in the standpipe and absorbs the 
kia^io energy of the water column in the 
supph^upe. Any excess produces overflow 
at the topw so that the maximum pressure 
possible in 1® supply pipe will be practically 
equal to that o£ the supply head, together 
with the healfe, equivalent to the energy 
absorbed in the ' overflow. In the event of a 
sudden demand ML more power the water in 
the standpipe, beinp| (:,ro easily accelerated, re¬ 
sponds readily and supplies the additional quan¬ 
tity required until the water column in the 
main supply pipe has l; uwl - timo to accelerate. 

The larger' the areal of tho standpipe the 
less will be the amplit U(l ° ()f the oscillations 
set up in it, hut mecM tlica1 ' difficulties and 
considerations of cost pu\ a Unlit on the per¬ 
missible size. A modified 011 designed to 
effect tho same end without^ 110 disadvantages 
of very large diameters h|§| 1)0011 introduced 
in the differential surge tatia ^ consists of 
the simple standpipe having a diameter 
approximately equal to that V 1,110 supply 
pipe, and communicating at 1(I P with 
a large diameter tank, normalM through a 

."itively small opening A, bu& iM t,ho oa «° 

. ely heavy fall in the leas' provision 

to escape % special 

as ffiown >n 

H. 

act 


of the small opening between the upper tank 
and the standpipe. A sudden demand for 
power is met in 
the first instance 
by the water in 
the standpipe 
owing to its easy 
ace eleration, 
and secondly by 
the slower ac¬ 
celeration which 
takes place in 
the tank. The 
advantage is in¬ 
dicated in the 
diagram Fig. 

51a, where the 
falls in the sur¬ 
face level of the 
standpipe water are plotted against intervals 
of time for both simple and differential types. 
The limiting height of standpipes is about 200 



fig. 5 



feet, though there are eases where this lias 
been exceeded. 

§ (48) Lmfuxsb Turbine: Girard.—A 
turbine has already been defined as a water- 
wheel to which water is admitted simultane¬ 
ously at all points of its circumference. There 
is a class which only partly satisfies this 
definition, namely the Impulse Turbine, a 
typical example being tho Girard. It may bo 
regarded as a Pelt on wheel with multiple jets 
impinging on curved vanes which replaces tho 
buckets, and having guide passages to serve 
as substitutes for the nozzle. The yancs cause 
a change in the direction of the flow of the 
water and consequently of its momentum 
tangential to tho turbine. Tims force is 
exerted and work is done on tho turbine 
shaft. 


The pressure of tho water throughout the 
wheel remains uniformly equal to that in tho 
turbine casing and is usually atmospheric. 
To ensure this the water is prevented from 
filling the space between any two adjacent 
vanes by the introduction of ventilating holes 
which admit air to tho wheel passages and 
confine the stream to the driving side of tho 
vanes. 

The general direction of flow may either he 
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parallel to the axis of the shaft or perpendicular 
to it, and in the latter case may be radially 
inward or more usually outward. Figs. 52 
and 515 are diagrammatic representations of the 
two divisions. 

The considerations which influence the 
design of the bucket in the Belton wheel hold 
good in the design of the vanes, and the angles 
at inlet and outlet are similarly determined. 
Using the same notation a varies from 12° 
with large heads and small volumes to 30° with 
low heads and large volumes, while the angle 
through which the stream is deflected averages 
about 135°. Since the effective width of the 
vane passages diminishes outwards owing to 
the curvature of the vanes, the sides are 
splayed out in the direction of discharge, the 
final dimension being 2-5 to three times the 
inlet breadth. 

The best theoretical speed of wheel is one- 



half that of the water velocity as it issues 
from the guide passages, but in practice it 
is usually about three-fifths. This typo of 
wheel may be used with heads as low as 18 
inches; in this ease it is necessary that the 
wheel should be horizontal in order to avoid 
the relatively largo difference of level which 
would exist between the diametrically opposite 
vanes of a vertical wheel. With such a low 
operating head an efficiency of 55 per cent 
may he reached, but when working more 
normally with higher heads, values up to 80 
per cent are attained, and even with part 
loads this efficiency is well maintained. 

§ (49) Pbessurb Tijbbines. (i.) Foumeyron 
or Oukvanl Flow Turbine .—The first of the 
real class of turbines is the outward radial flow 
reaction wheel invented by Foumeyron in 
1827. By reason of its cheapness and high 
efficiency it largely replaced for a time all 
other forms of water-wheels. The “arrange¬ 


ment is shown in Fig. 54. The inlet is by the 
central curved passage F, and the flow is 
directed by the guide vanes G to the wheel 
vanes N, where its direction of motion in the 
plane of the wheel is changed, and discharge 
takes place at the outer periphery of the wheel. 

A device known as the Boyden diffuser, to increase 
the efficiency by recovering a portion of the dynamic 
energy of tlm discharge water, was adopted for a 
time. It consisted of a fixed casing surrounding the 
wheel made up of two plate rings, the distance between 
which increasing radially outward, formed a diverging 
passage. The benefit derived was small and its°uso 
was abandoned. 

The Foumeyron turbine was employed for 
heads up to 350 feet, and gave an efficiency 
as high as 75 per cent. Owing to the passages 



through the wheel being of necessity divergent, 
with a consequent production of eddies, no 
further improvement was possible. A dis¬ 
advantage of this type is the difficulty of 
governing. Any increase in the speed of the 
wheel due to a reduction in load increases the 
kinetic energy at discharge, thus lessening the 
discharge pressure head and tending to in¬ 
crease instead of diminish the flow : a further 
increase of speed therefore results, and govern¬ 
ing is rendered more difficult. 

(ii.) Jonval Turbine .—The Jonval turbine, 
like its prototyi)e the Borda wheel, is of the 
axial flow variety. A radial section shows 
the wheel buckets as rectangular, but the 
vanes which form their radial hounding sur¬ 
faces usually make an angle of 90° at entrance 
and curve away to a much flatter angle at 
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discharge It differs from the Borda wheel 
m bein- fitted with radial guide vanes which 
direct the pressure water into the uc ce ., 
and shows a marked improvement not on y 
on it but on the Foumeyron machine as well 
The main advantage lay m the fa •■ 

motion of each water P nrti e 1 ?JJ a L^Sy 
in one tangential plane, and had pracntGany 
no radial velocity. Thus the g-ermngjas 
not complicated by pressures due to centn 
fncral forces. On the other hand, since each 
particle entered the bucket at a near y un or 
velocity and since the hnear velocity oi th 
entrance points of the bucket vanes varies 
ST distance of the points from the cen re 
of rotation, it follows that the vane angle for 
-offid require ‘ovary -th ho 
radius As this cannot conveniently be done 
it is necessary for efficient jratag.JttllOT to 
make the radial dimension of the bucket small 
in comparison with the radius of the wheel ox 
else divide it into several parts, each oompa - 
meat having its own vane angle. this t 
facilitates speed regulation since the pircu ai 

slide, which on a reduction of loacl 01 an m 

crease of head is made to shut off a number 
of the buckets, does so in sections correspondin g 
to the divisions. By this means a fairly high 
part-gate efficiency may be maintained vary¬ 
ing from 74 per cent with one out of three 
sections open to 81 per cent with all three 

&tL (iii.) 1 Francis or Inward, Flow Wheel —Just 
as the Foumeyron turbine was superseded by 
the Jonval, so the latter was displaced by the 
Francis inward flow turbine. The Francis 
is directly comparable to the Foumeyron 

with the direction of flow reversed, but 

possesses many advantages over 1 ’ 

inlet is located at the outer circumference of 
SeTer, as shown in Fig. 55, and a portion 
of the supply head 
* at entrance is re 

tained in pressure 
jpj form to balance the 

fS LA centrifugal pressure 

I (_ u j J of the water in the 

\ 3 wheel, being after- 

wards utilised during 
its passage through 
the vanes. As a con¬ 
sequence the velocity 
of inflow of the water 
s considerably less than in machines of the 
mpulse type and a lower peripheral speed of 
'•unner can be adopted, while the hydraulic 
friction losses will be proportionally lessened 
throughout. Apart from ordinary means of 
regulation common to the various types of 
turbine, the inward flow form tends to be¬ 
come self-regulating as an increase in speed, 
due to diminution of load,' causes an increase 
of pressure at entrance and a lessening of 



the velocity of flow. A brands turbine, is 
classified as low pressure when the working 
head is less than 75 foot; the turbine in 
then installed in an open flume.. With bonds 
of from 75 to 180 feet, when a circular casing 
is used, it is termed medium pressure. A high- 
pressure turbine employs a bead having a 
range of 150 to 550 feet, when it is provided 
with a spiral easing. A very groat develop¬ 
ment has taken plaoe in the first.of those 
classes, especially in the direction of high-speed 
runners, of which Fig. 56 is a typical example. 



As an indication of the magnitude of the in¬ 
stallations now becoming general that of the Ltuiren- 
tido Co., Quebec, may bo cited, whom plant con¬ 
sisting of six units each of 20,000 b.li.p, working 
with a head of 70 feet at 120 revolutions per minute 
and having a single vertical runner was laid down 
in 1915. At the other end of this class may be 
quoted the Chester Municipal power plant operating 
with an average head of 7 foot and consisting of 2 
units of 415 and 305 b.h.p. and speeds of 50 and 55 
revolutions per minute respectively, 

For medium - pressure plants the single¬ 
runner typo seems to he gaining in favour on 
account of the high over- all mechanical efficiency 
‘obtained. Spiral casings arc now being used 
instead of the circular form, and the largest 
output per unit is that of the Tallasseo Power 
Co., U.S.A., where 31,000 h.p. is generated 
per runner at a speed of 154 r.p.m, under a 
not head of 180 feet, and having a guaranteed 
efficiency of 90 por cent. 

The high-pressure Francis turbine lias of 
late years raised its upper limits and invaded 
the field previously held exclusively by flu* 
Pelton wheel. Heads of 500/600 feet are now 
not uncommon, and the maximum reached in 
745 feet. With high heads in order to ensure 
freedom from break-down the axial thrust in 
eliminated whore possible by the use of double* 
runners operating back to hack, when no 
special thrust hearing is required, In the cant* 
of the single-runner typo special balancing 
methods are necessary. 

(iv.) Suction Tubes .—The success of flu* 
Francis type of turbine has been largely due to 
the use of the suction or draft tube which 
permits the plant to bo erected at a convenient. 
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height above the tail race without loss of head 
and enables part at least of the energy con¬ 
tained in the velocity of the water as it leaves 
the runner to bo converted into work. This is 
of the utmost importance in connection with 
high capacity runners where the discharge velo¬ 
city of tho water may represent 15 to 20 per 
cent of the total head, the over-all efficiency 
therefore depending upon its more or less 
complete recovery. The device which is duo 
to Jonval consists in lengthening the dis¬ 
charge pipe until its lower end is always sub¬ 
merged in the water of the tail race, the 
surface of which is of course at atmospheric 
pressure. The pressure at the discharge side 
erf the turbine blades will therefore be less than 
that at the surface level of the tail race by an 
amount equal to tho difference of tho static 
head between turbine and tail race and may 
approximate to 25 feet. The area of tho 
suction tube at its connection to tho turbine is 
made equal to the discharge area of the runner 
and gradually increases towards the outlet end, 
thereby converting part of the kinetic energy 
of discharge into pressure head. 

(v.) Vortex Turbine .—Reference has been 
made to the spiral casing used in medium and 
high-pressure turbines. This was an improve¬ 
ment introduced by Professor James Thomson, 
together with a special form of guide vane. 
Tho water is brought tangentially into tho 
large end of the spiral and is then directed by 
the curve of the casing through a series of 
movable guides pivoted near tlioir inner end 
so as to follow the lines of flow in a spiral 
vortex. The guides are so connected by bell 
crank levers and links as to move simultane¬ 
ously when acted on by the governor, and thus 
shut off water equally from all parts of the 
wheel. As fitted to the modem Francis turbine 


the number of guide vanes, which was formerly'' 
small, is now nearly equal to the number of 
wheel vanes; tho guides aro of a shorter type. 

§ (50) Speed Regulation. —There are three 
types of construction employed to regulate tho 
quantity of water admitted to the turbine, 



namely, (a) cylinder 
gate, ( b ) register gate 
(outside and inside), 
and (c) wicket gate. 
These have as their 


Register Gate common feature the 


Fia. 57. throttling of the 

supply to or of the 
discharge from the wheel, (a) being illustrated 
in Figs. 54 and 59, and ( b ) and (c) in Figs. 57 
and 68. Both (a) and ( b ), though simple to 
operate, suffer from the disadvantage that, 
when controlling the inlet, the entering water 
after contraction at the edge of the gate ex¬ 
pands again to fill the wheel passages. Eddy 
formation and consequent loss of energy ensue, 
In (a) this defect is sometimes modified by 


dividing tho wheel by diaphragm plates (Fig. 
54), so that it becomes a multiple wheel. The 
effects of the gate are thus confined to one 
compartment and part-gate efficiencies aro 
well maintained. 

Where throttling of the discharge occurs, tho 
increase of pressure which results at the exit 



Fig. 58. > 

V 


diminishes the effective head and causes a 
greater loss of kinetic energy. Tho method 
(c) has practically superseded tho others by 
eliminating impact losses and the formation of 
eddies by reducing obstructions to theapproach 
of tho water to tho runner. Tho wicket gate 
consists of a number of streamline vanes, each 
pivoted on its own spindle and receiving move¬ 
ment from a regulating ring to which it is 
attached by a short connecting link. 

Tho method of operating tho different types 
of regulators is usually by means of servo¬ 
motors, and has already been discussed in tho 
case, of tho Bolton wheel. 

§ (51) Specific Speed. —Tho very wido 
variations in the leading characteristics of head 
and flow of the natural water-power resources 
in existence, and the necessity of utilising each 
under its most favourable conditions, have given 
rise to an individuality in the design of turbines 
and made available for further development a 
great wealth of data. But in order to render 
tho information useful for standardisation 
purposes it requires to bo based on systematic 
touts and correct design. Consequently afunda- 
mental basis of’ comparison is necessary. 
Now if H~hoad in foot, P —brako horse¬ 
power, N = speed in r.p.m., Q=quantity of 
water in cubic foot por minute, then for any 
given runner it follows that P varies as Hit, 
Q as l\K N as H>. 

If Pj, Qj, and N x are tho values obtained 
when the effective head is equal to unity, then 


P — . ? Q _ Q W_ 


and these values servo to compare turbines of 
the same diameter and design. 

With machines of different diameters and 
operating under different conditions, compari¬ 
son is made by means of a factor known as the 
“ specific speed,” which indicates the speed at 
which a turbine would run when having an 
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output of 1 b.h.p. under a Lead of 1 foot. 
Assuming P^ Q x , N x as above to be the char¬ 
acteristic values of a runner under a constant 
head of H x feet, if now the diameter of the 
wheel and all its other dimensions are varied 
proportionally the variation of P x , Q ls and N x 
may be determined. 

Thus P x and Q x are both proportional to V~ 
while N x varies as 1/D. 

Thus if ?! be the output from a wheel _ ol 
diameter P 15 D s the diameter of a wheel which 
develops 1 h.p. is obtained from the equation 

D x 

Us 2 : ?i 2 — : ?a> °rD s — ^p^' 

since P g = 1; 


and since N g : N!=D X : D g , 

N 
Hi 




N_n/P 
4'ah 5 ' 


Where more than one runner per turbine is 
used the output P is that of each runner. . 

The use of specific speeds as the basis of 
comparison enables runners of apparently 
different characteristics to be compared and 
development in the direction of the most 
efficient to take place. As a consequence there 
has been evolved a slow-speed type of runn.cr 
using a small quantity of water under a large 
head, and a high-speed type using a large 
quantity of water with a low head, an example 
of the latter being shown in Fig. 56. 

The prevailing tendency in recent years has 
been to increase the specific speeds and to 
develop the high capacity runner, and progress 
has been so marked that the average efficiency 
as obtained from published tests has risen 
during the last twelve years by about 10 per 
cent, and in several low- and medium-pressure 
turbines of the Francis type the measured 
efficiency has exceeded 93 per cent for the 
former and 92 per cent for the latter. 


§ (52) Pressure Turbine Theory, (i.) Relations 
of Vane. Angles .—Let the velocity of the water as it 
leaves the guides be making an angle a with the 
tangent to the inlet circumference of the wheel 
(Fig. 58). Let and u 0 be the inlet and outlet 
peripheral velocities of the wheel; Wi and w 0 ho the 
corresponding whirl velocities, and /,- and f a the 
radial velocities of the water. Then 

fi=Wi tan a = (wf — uft. tan ft. 



i»r—fi cosec ft, 
fa ==(«»- Wo) tan 7 , 
0 v r ~f 0 cosec 7 , 


and if w o = 0 , then v 0 =f 0 . 

(ii.) Work done in Runner .— 

The initial moment of I _QW 
momentum J 

The final moment of \ _QW 
momentum J g~ w ° r °‘ 


The moment on tho runner =--ehange of moment of 

momentum 


QW, 

0 

QW 


(w f n - i(' a r„), 




if vc () - 0 . 


The work done on runner ^moment on wheel 

>; angular velocity 


QW, 


W’jJ'iW • 


QW 


wm 

(/ 


ft.-lbu. per second. 

ft,-lbs. per 11 ). of 
water. 

In a moving wheel the energy lit entrance- 
work done per lb. of water -1 domes through the wheel 
-l-head at discharge. 

If all losses in the wheel are neglected wo have by 
tho equation of energy 

Pi W 2 Pa w « 9 «W„ H 
W 2;/ 'W V '2.g ' ff 

But if w o -0, thou v 0 ^f 0 ^fi(<ubo)^m to» 
and 

Pi , Wj 2 -|-/f 2 Jpo , fo“ 

”-</ |7 

fa 2 

1 '2 0 * |7 


W 




n 


'W" r 

Vo 

"w" 


tan a 
tan ft 


Wi- 


= 2 


i --- ( tan® .i.2- 2 l,aa 

+ 2(7 V V 1 ton ft) 


and 
Ui — i 


“ 2(/(H - (p«/W)) 

2(1- (tan a/ton ft)) -l-(tnn ct(«</«#jj a > 


tana 
tan/3 Y 


J\ 


2 //(U-(?WW)) 


!(1 - (tanajtmft)) | (tana(rff/ri«)) J 

Since w<=M><(l-(tan a/ton ft)), if ft is increased and 
Wi maintained constant, then wt diminishes and more 
energy remains in the pressure form at tlm inlet to 
tho runner. The tendency in therefore to make 
ft =90°. If (H-(jp fl /W))=*Hi»«ftvailfthlc) head, then 
with this angle v>i N^/Hx approximately, that is. 
iVi-/2g—Ej2, and half (he available energy ia in 
kinetic form and the other half hi presHum. 

Theoretical ofiksloncy 

(W Qjg)wiUj w>r( 1 - (tan a/inn ft)) 

V WQll!. ...|7lli. 

Wi 2 (l-(tan a/inn ft)) 

,= V(wi 2 / 2 | 7 ) 12(1- (tan a/tan ft)) -|-tan a a . {<H a j"o a )\ 
2 (1-(tana/tan ft)) 

B- 2(l-(tan a/tan ft)) [-(tan 2 a. (<kl<i„)“ 

(hi.) Runner Diaehurge. Angle, .If the velocity of 

whirl w 0 at discharge ho asHumed to he 0, 11m 
following consideration will determine the discharge 
vane angle y • 

tan '- f,i W{ tau a ctt 

iU1 ^ u 0 *~'u„n 0 '' u 0 tif 

u 0 =U{. aud if ft<*> 90°, then v*i , 


tan 7° 


n oj 

r«a 0 


tan a, 
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=»o, and therefore 


^>I l0 ra dial flow is constant a* 

Xf ^(r,■//'„). tan a. 

'Y Change, of Pressure through the Runner .—The 
(i'f"''jiffercncc of pressure between the inlet and the 
Xotfi-) oireumferenoo of the runner will bo equal to 
Ou-tJ^jjjuige of pressure resulting from the motion of 
° T,ter particle in a forced vortex with mi angular 




pter particle in a torced vortex with mi angular 
t I xo {if u ftddod t0 dl ° change of pressure duo to its 

■VeleX* parallel to the vanes with a variable relative 
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jiiivard flow runners the difference of pressure 
to '* to increase as the peripheral velocity of the 
run increases so that the turbine becomes to 
a c T r t!ii n extent self-governing. This effect will 

inorea® 9 aa tllc ratio n ' r ° incroasos - When the 
clir GO ti° n of d °w is reversed as in the outflow runner 
Xlie csjjpression Ji< — p 0 /W becomes negative and 
i llGreaf ges if a sudden reduction of the load causes 
tire &j? ecd to incru ase. The supply of energy, tliero- 
fore increases when it is desirable that it should 
climjjaisk and hunting ensues. This is accentuated 
as -fclie ratio n : r 0 is made greater. 

general expressions for efficiency hold good in 
tlie cn 0G ^xial-flow turbine, excepting that the 

peripheral velocity m at inlet equals the peripheral 
velocity u ° oudoti »inoo r<=r 0 , and there is conso- 
qiiently no change of pressure duo to centrifugal 

notion- 

§ (53) Mixed Plow or American Tver 
TTxnpiNB.—A type of turbine which makes no 
cl ad in. to special efficiency, but which lias the 
xn erit of lowness of first cost is illustrated in 
59. The wheel vanes are curved both 



la/fcei:a.Hy and axially, the path of the water 
through the runner being approximately the 
qiiacli'ctot of a circle. A large discharge area 
is thug secured and the wheel is capable of 
cleahng with large volumes of water, but the 
p xtira c fepth of wheel required at inlet results 
in a- lowering of the part-gate efficiency. A 

V Ol', x 


higher peripheral velocity is generally adopted 
for this type, varying from ^"of the theoretical 
velocity of the water with, full gate to -G at 
half-gate for maximum efficiencies. 

A difficulty exists in determining the correct 
inclination of the vane at various discharge 
points as the velocity of flow across the outlet 
area is not equal. This is due to the frictional 
resistance to flow varying as the length of the 
path traced out by the water and to the vary¬ 
ing centrifugal pressure induced. It is usual 
in practice to adopt a mean discharge angle on 
the assumption that the outflow is uniform over 
the discharge section. 

_ The guides are usually fixed and the regula¬ 
tion is entirely effected by gate or ring sluice. 

The best machines of this typo when working 
under their most favourable conditions have 
an efficiency of about -8 at full gate, when 
they compare quite well with the Francis 
turbine, hut are at ( a decided disadvantage 
when working at half-gate, the efficiency falling 
to about '65. 

§ (54) Pressure Engines. — The class of 
motor described as pressure or hydraulic 
engines is important where a supply of high- 
pressure water is available and intermittent 
motion at moderate speeds is desired. This 
is especially the case when the load is more or 
less constant, though the variation in speed may 
ho considerable. Under such conditions the 
reciprocating piston engine is to be preferred 
to any kind of rotary motor. 

The two most successful types which have 
been evolved have three single-acting cylinders 
set radially, their centre-lines intersecting at 
angles of 120°. In one of these the cylinders 
are fixed and are fitted with trunk pistons; the 
connecting rods act on a single crank pin and 
drive the crank shaft. The outer end of each 
cylinder—the power stroke is inwards—can he 
connected alternately to the pressure supply 
and the exhaust through a passage controlled 
by a disc valve which rotates with the crank 
shaft. This is the well-known Brotherhood 
engine, and is shown in Fig. 60. 

In the other type known as the Rigg engine 
tho three cylinders are arranged round and 
pivoted on a fixed hollow crank pin A. Two 
ports on the surface of A serve to connect tho 
cylinders in turn as they rotate to tho pressure 
supply and oxhaust respectively. The driving 
shaft B of tho machine rotates about a centre 
which does not coincide with that of A; tho 
distance between these centres gives the throw 
of the crank. 

A disc fixed to tho driving shaft carries 
three pins, Oj, 0 2 , C 8 , and tho piston rod ends 
are connected to these pins. The power stroke 
is outwards and occurs as the cylinder rotates 
from D to E. For any position on the semi¬ 
circle DO a E the force exerted by the piston on 
a pin such as 0 a has a moment in the direction 

2m 
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of rotation about the centre of the shaft B. 
The shaft and disc are thus kept in rotation. 

In their simple form, however, both types 
labour under the disadvantage that if the load 
is reduced the quantity of pressure water 


I’xg. 00. 

consumed remains constant and the efficiency 
falls at a very rapid rate. For the economical 
transmission of power whilst obtaining power 
control at constant speed or speed control 
with constant power, some method of using the 
water expansively or varying the piston dis¬ 
placement becomes a necessity. 

Various devices have been tried to overcome 
the difficulty. These include cutting off the 



high-pressure supply before the end of the 
stroke and using an auxiliary low-pressure 
supply to complete it, and also the use of an 
air chamber similar to that adopted in pumps 
to meet inertia effects. 

The most successful method has been by 
varying the stroke. In the Brotherhood 
engine this was effected for a time by the 
Hastie regulating device, but was afterwards 
discontinued. In this device the rotation of a 


cam shaft relative to the hollow crank shaft in 
which it worked caused a cam to vary the 
crank radius and adapted the volume of'the 
piston displacement to the demand for power. 

With the Rigg type the eccentricity of the 
fixed crank pin about 
which the cylinders 
revolve relative to the 
driving shaft is capable 
of adjustment. As tlie 
centres diverge from 
each other the stroke 
increases, its magni¬ 
tude being twice the 
eccentricity, and if the 
divergence be opposite 
in sign a contrary 
direction of rotation re¬ 
sults. A supplementary 
engine or servo-motor 
operates the change of 
position of the crank 
pin and is controlled by 
the governor. 
Afull-power efficiency 
of 80 per cent at speeds from 200 to 300 
revolutions per minute has, it is stated, been 
obtained with this type of motor. 

IV. Hydraulic) Transmission of Energy 
and Applications 

In the previous sections consideration 
has been given to the methods by which 
a supply of water possessing potential or 
kinetic energy, either inherent or acquired, 
may be made to do work by setting prime 
movers in motion. The motion or force 
so imparted is then usually transmitted 
through trains of mechanism or machines 
to where resistance may he usefully over¬ 
come. 

There are, however, examples which remain 
to be discussed of the direct application to 
the working machine of the energy of the 
water, and also the' very important case 
where advantage is taken of their physical 
properties in order to use fluids as elements 
in a train of mechanism. 

Under all circumstances it is desirable that 
the supply of fluid should be brought to tho 
machine with the least possible loss of energy 
and in the most favourable condition for the 
operation to be carried out. 

§ (55) Capacity of a Pipe Line.— Tho 
energy transmitted through a givon pipe lino 
Varies directly as the velocity of flow and the 
pressure, hut as the frictional resistance of tho 
pipe varies as the square of the velocity the 
best conditions for power transmission will 
obviously he low velocities and high pressures. 
Such conditions render the hydraulio system 
readily adaptable to machines such as presses, 
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and cranes in which the motion is 
00 »nparatively slow and intermittent, but 
■'vhero the force required to be exerted is 
largo. 

The over-all efficiency of hydraulic trans¬ 
mission, including losses at the central station 
au< l on conversion into work, is generally 
a-bout 70 per cent, but much will depend on 
° length of the pipe line. In the pipe line 
itself the theoretical efficiency may bo deter¬ 
mined as follows : 


pressure at inlet in lbs. per sq. in. 
d — diameter of pipe in feet. 

I —length of pipe in feet. 
a —area of pipe in sq. ft. 
v = velocity of flow in feet per second. 
W—weight of 1 cub. ft. of fluid. 

Q = discharge in cubic feet per second. 
m~ hydraulic moan depth. 

10 norgy entering pipe per sec. 

=H = total pressure x velocity 
=(144 pa)v foot-lbs. 

= •202 pav I-I.P, 


-If h is tlio head required to overcome the resist- 
iince to flow of the pipe, W the weight of a cubic 
loot, and Q the discharge in cubic feet per minute 
(Hoe Part I. § (24) (ii.) and (iii.)), then 


Loss of energy per sooond=PL = It¬ 
em 


' Efficiency ~y 
But 


_flF l 

. —- II.P. 


2gm 

550 



* ~~ H.P. 


2gm 

550 


H —11 

•>-l JJ* . 

W 

II 

2gm 

550 


H ,,, 0 A 

. . 57=32.2 m 
2(>2pa 4 


1 

• 202 p 


Therefore by substituting 

7 = 1--035. 


/dl“ 

phF" 


' It will bo observed that the conditions for 
high efficiency include: 

(a) A small value of II which may ho 
obtained by keeping down the velocity of 
flow and preventing it exceeding, say, 4 feet 
par hoc. 

(h) A high value of p and d. A limit is 
put to the range of these factors by the 
consideration that the saving effected by the 
increased efficiency will ultimately ho more 
than balanced by the additional cost of tho 
greater diameter and thickness of pipe line 
required, and by the difficulty of preventing 
leakage at joints. For these reasons p is 
usually limited to 1200 lbs. per sq. in., and 
d to 6 in. Multiple pipes are used where the 
power required is greater than the capacity 
of such a pipe. 


_ Tho energy actually transmitted by the 
pipe line 

-- 7 II 

and this will bo a maximum if 
H = -725^/^ :i# 


when it will havo tho value 


n 


Il.P. 

This gives an efficiency under these conditions 
of -60. 


Hydraulic power supply departments have 
been established by many of the large Muni¬ 
cipal Corporations, the pressures adopted 
varying from 700 to 1000 lbs. per sq. in. The 
water used is generally from the town’s public 
supply, and its initial pressure is in some cases 
utilised to work an intensifying pump by which 
a small proportion of the total quantity is 
forced directly into tho high-pressure main. 
The remainder is passed to a' storage tank, 
from which it is pumped by steam-driven 
pumps into a main pipe feeding the accumu¬ 
lators which are the reservoirs for the power 
supply. 


For heavy, cumbersome, and slow operations 
such a supply is pre-eminently suitable, and 
the system lias the merits of cheapness and 
direct applicability without any intricate 
mechanism, and. of ease in detecting leakage. 

• Tho principal objections urged against it 
are the trouble with air-locks and tho danger 
of bursting during frosty weather, necessitating, 
tho draining of cylinders when not in operation 
or external heating at vulnerable points. In 
spite of these drawbacks hydraulic transmission 
of energy is now extensively adopted. 

§ (56) Pxpb-lxnb- Am'UAH'OBS. (i.) Ac- 
cumulators .—Although the supply of energy 
from tho pumps is 
designed to equal the 
over-all demand for 
powor over a con¬ 
siderable interval of 
timo, tho demand is 
usually intermittent 
owing to tho nature of 
the operations which 
tho motors are called 
upon to perform. As 
it is desirable to keep 
the pumps in con¬ 
tinuous operation 
some form of storage 
is necessary, and the accumulator was devised 
by Six W. G. Armstrong to provide this and 
at the same time to regulate the delivery 
pressure. It acts automatically. 

Its general form is illustrated in Fig. 62 



Outlet 


Inlet 


Fig. 62. 







HYDRAULICS 


and consists of a vertical cylinder C with 
inlet and outlet passages at its base. 
Through its cover a ram R passes and 
supports at its upper end an external pla- 
form P. From this is suspended a load W 
of some heavy material such as pig-iron or 


iron scrap. , , , 

If L is the displacement of the loaci 
W, and A is the area in square inches 
of the ram, then the potential energy 

stored in the cylinder when _ the ram is at 

its upper limiting position is Wblt.-J.os., 
and the working pressure p equals W/A lbs. 


per sq. m. J 7 . 

(ii.) TweddeWs Differential Accumulator.— 
This is a modification of the above arrange¬ 
ment whereby high pressures may be main¬ 
tained by comparatively small loads, but the 
storage capacity is 
low and it is only 
suitable for supply¬ 
ing single tools. The 
cylinder is inverted 
and movable, as 
shown in Fig. 63, and 
carries the load W 
on its external sur¬ 
face. The ram is 
fixed to the base and 
is of two diameters, 
D x and I) 2 , where 
it passes through 
glands at top and 
bottom respectively 
of the cylinder. The 
inlet water enters 
where the ram is 
stepped, and if the 
difference of areas is equal to A, then, as 
before, pA=W. If D 2 -Di i- s made small 
enough it is possible to obtain high values 
of p for a moderate weight W. 

(iii.) Pressure - loaded Accumulators ,—These 
are used where it is inconvenient to have a 
heavy dead load. In this ease the upper end 
of the ram works in another closed cylinder 
and carries a piston subjected on its upper 
face to steam pressure. Adjustment of the 
relative areas of the piston and plunger, 
together with the introduction of a reducing 
valve regulating the pressure of the steam, 
ensures the maintenance of the required 
hydraulic pressure. While the accumulator, 
speaking generally, has a steadying effect 
on the pressure, the inertia of the weighted 
type is productive of considerable shock when 
the outward flow of the fluid is suddenly 
stopped. On occasions this may be advan¬ 
tageous, as for example in a hydraulic riveter 
where the momentary increase of pressure 
may be utilised to effectively clinch the rivet. 
To guard against abnormal pressures from 
this cause a spring-loaded relief valve is often 



Fig. 63. 


introduced, and operates when the 
exceeds the normal value by an anatqpd 
amount. This precaution is not, necessary 
when the load is applied by the- action of 
steam pressure. 

(iv.) Intensifiers. — Where 
supply from the accumulator 


a particular 


the pressure 
is insufficient 
machine, a 


ifitjh 
Pressure 


for the working 
device known as the 
intensifier is intro¬ 
duced. A common 
form, as applied to 
testing machines, is 
shown in Fig. 04, 
and is similar to an 
inverted steam ac¬ 
cumulator. The 
ratio of the areas of 
the piston and ram 
equals A/a, and is 
equal to the ratio 
of the intensifier 
pressure P to the 
pressure supply p. 

Thus P = p(A/a) 
lbs. per sq. in. if the 
friction F of tiro 
glands and the weight W of tins piston anil 
ram are neglected. If those are taken into 
account 


Low „ _ _ 
Pressure 



Pin. (11, 


P —p 


a w+:f 


lbs. per sq. inch. 


This type only operates in one direction* 
and if a continuous supply of high-pressure 
water is required, duplicate intenHiliers working 
alternately must bo employed. 

§ (57) HVDBAtTLICIAIXY-JSKIVMN MaOHINKM. 
—The direct applications of hydraulic power 
to the working of modern machinery has been 
extensive and varied. Perhaps Mm must 
successful examples are the modifications ->f 
the Bramah press as developed in haling 
presses, plate flanging and heavy forging 
machines, all of which require a slow but 
powerful compression, and may be regarded 
simply as reversed accumulators. The cycle 
of operations in each ease may be divided into 
stages : 

(a) An idle stage during which the bead in 
brought up to its work. 

(b) An initial compression of the material, 
but full power not developed. 

(c) The completion of the compression under 
full power. 

{d) The sudden stoppage of tlm head produce 
ing inertia effects which may be useful in 
certain types of machines. 

(e) The return of the ram to its initial 
position. 

It will be seen that during the first two 
stages the full value of tho pressure, if them 
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is only one supply, is not being utilised though 
a volume of water equal to the displacement 
of the ram is used. A loss of efficiency results 
which is increased if there is only one common 
inlet and outlet passage to the cylinder, since 
this passage requires to be refilled with 
pressure water at the commencement of each 
operation. As the quantity of water used 
for a given dis¬ 
placement cannot 
be varied, the only 
alternative is to 
vary the operat¬ 


ing pressure from 
stage to stage. 

Two different 
methods of effect¬ 
ing this in the 
case of the Forg¬ 
ing Press are 
shown. 

(i.) The Forging 
Pr ess. — In the 
Allen press, Fig. 

05, the stages (a) 
and (ft) are carried 
out in connection 
with a low-pressure supply, which ia cut 
off when full pressure is required during 
stage (c). Communication is then made 
with a high - pressure pump (HP) working 
without valves and imparting a to-and-fro 
motion to the connecting column of liquid. 
The inertia of the latter increases the pressure 
at the end of the working stroke. The water 
is then exhausted from the cylinder C and 




Fig. 05. 



the ram and. head lifted by steam pressure 
acting on a piston in the auxiliary cylinder 
C above. 

The other method is illustrated in Fig. 06, 


which shows how total pressures of three 
different magnitudes can be obtained by 
the use of a differential ram. Thus when 
the high - pressure water is admitted to 
chamber A, a force is available at the 
working head sufficient for stage (a). With 
the pressure supply in communication with 
chamber B, and A cut off, operation ( b ) 
is carried 'out, wliilo full power is ob¬ 
tained when both A and B are connected 
with the supply. The head is brought 
back and the water exhausted by auxiliary 
pistons actuated by a low-pressure supply 
and working in two lifting cylinders C. In 
machines of this type it is possible to use 
supply pipes of comparatively small diameters 
and still maintain a fairly high efficiency. 
This is duo to the low speed of operation 
and the consequent small amount of energy 
transmitted. 

(ii.) .Riveters .—The hydraulic riveter is a 
typical example of water power adapted to 
use in machine tools. Portable machines are 
constructed both for light and heavy duties, 
and are of the “ hinged ” and “ boar ” forms. 
Fig. 67 shows the ordinary “ fixed-jaw ” 
or “ bear ” type, 
with a pressure 
supply at (a) to 
the main ram 
A which acts 
directly on the 
rivet, and at (ft) 
to a central draw¬ 
back ram B. The 
body of the 
machine is ar¬ 
ranged to turn 
by means of a 
worm and worm- 
wheel round a 
east-stool hanger 
C, and to permit 
this a water-tight 
swivel joint is Fid. 07 . 

fitted at I). 

The hinged type for use in a restricted space 
is illustrated in Fig. 68, and shows the ram 
and riveting tool at opposite sides of the 
lunge. The drawback ram B is hero arranged 
eccentrically. 

There is also a class of fixed riveters 
whero the work to be riveted is slung and 
movable. A gap suitable for the kind 
of work to bo done is left between the 
jaws, which may bo either horizontal or 
vortical. The largest machines are used for 
riveting the seams of marine boiler shells, 
and the gaps may be from 9 to 11 ft. 
The total pressure exerted in suoli a tool 
may be arranged to vary from 25 to 100 
tons with an intermediate stage of 75 tons, 
so that high-pressure water may bo saved in 
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the first stages of the operation. A pressure 
diagram from 'the cylinder of a hydraulic 



e 



Fig. GO. 


Fig. 08. 

riveter is shown in Fig. 69 and illustrates the 
use made of the variable power. During the 
period AB the ram is brought up to its work 
under low pressure, 
and during BO with an 
intermediate pressure 
the rivet head is 
formed. Full power is 
exerted from C to D 
for the closing of the 
plate and the clinch¬ 
ing of the rivet, the 
latter operation being 
assisted by the rise 
DE, which is an inertia effect consequent 
on the sudden stoppage of the accumulator 
ram. 

§ (58) Hoists and Lifts. —The ordinary 
direct-acting hydraulic hoist is very similar in 
its arrangement to the common type of press, 
but the ram cylinder is sunk in the ground 
to a depth somewhat greater than the travel 
of the ram which carries the platform and 
cage. If only the static load producing direct 
compression is taken into account, the area A 
of ram which would be sufficient to support 
a gross load of W lbs., including useful load 
and weight of platform and ram, when working 
with a supply pressure of p lbs. per sq. in., 
would equal W /p sq. in. This requires to be 
increased because of the stress induced when 
acceleration takes place, and also because 
of the additional force required to overcome 
friction. It follows then that the area should 
be made equal to {W[l + (a/g)]/p\ + F /p square 
inches, where a is the acceleration and F the 
friction. 

If the travel is great, when the cage is at 
the top position the ram which acts as a 
column becomes liable to buckle and the 
area must be increased to guard against this 
danger. This increase of area involves a 
corresponding greater lifting power if the 


pressure p is retained, and calls for a further 

modification in tho design. 

(i.) Jialawnttg o] J/otMti. 

_Every operation of the 

direct-acting hoist in¬ 
cludes tho lifting of the 
dead load, which is large 
as com pared with the use¬ 
ful load, and tho efficiency 
is therefore low. This is 
obviatin'! by sonic means 
of continuously balancing 
the weight of the ram 
and cage. One method is 
tho use of counterbalance 
weights, attached to the 
top of tho cage by chains 
or wire cables passing over 
guide pnlleys, which fall 
as tho cage rises. This 
increases the force necessary to produce 
acceleration, since tho mass is thereby in¬ 
creased, and has the disadvantage that it 
tends to put the upper portion of tho ram in 
tension, which would result in (.lie cage crash¬ 
ing to the top of the lift shaft should a 
fracture occur. 

Another and better arrangement is shewn 
in Fig. 70, where the lift cylinder is supplied 
from a balancing cylinder 0 in which there 
works a hollow ram B. To tho interior of 
the latter is admitted a high-pressure, water 
supply through the central passage A, and the 
hydraulic pressure on the ram in tho balance 
cylinder due to this would ho sufficient to 
lift the effective load. To balance the dead 
load the ram may be designed so that an ex¬ 
tension of it forms u a o ... 
an external plat- -^e====! 
form carrying ring 13 kHinh, 

weights inducing a ™ d J 

pressure sufficient 
for the dead load. 

Tho illustration, 
however, shows 
the balancing force 
obtained by super¬ 
posing an inverted 
cylinder D over the 
plunger-like exten¬ 
sion of the ram 
and supplying tho 
annulus ' between 
with water from a 
low-pressure tank. 

During the down 
journey of the lift 
this balance water is returnod to its lank 
while the high-pressure water is exhausted to 
waste and forms the only loss. Tho saving 
thus effected may be as high as 75 per cent. 

Where the displacement required is great, 
as in lifts installed in public buildings, the 



To lift 


Fig. 70. 
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suspension type of lift (Fig. 71) is used, and a 
comparatively sffint stroke of hydraulic ram is 
multiplied to the re¬ 
quisite travel of the 
cage by means of a 
jigger. 

(ii.) Jigger .—This 
consists of a system 
of pulleys arranged 
in two blocks, the 
upper one (a) fixed 
in position, the lower 
one ( b) having the 
motion of the ram. 
The wire rope usually 
employed is passed 
over the sheaves of 
the lower and upper 
blocks alternately, 
and one end being 
fastened to the upper 
block and the other 
led over guide pul 
leys, is attached to 
the fop of the cage. 
The multiplying 
factor m or the ratio of the motion of the cage 
to that of the ram is equal to the number 
of ropes supporting the bottom block. The 
load to 1)0 carried may be distributed over two 
or more ropes, but the value of m is unaffected. 

(iii.) Balancing of Lifts. — For any great 
degree of efficiency the dead weight of the 
cage must bo balanced, and this is done by the 
use of balance weights suspended by wire 
ropes carried over guide pulleys and attached, 
like tilo lift ropes, to the top of the cage. A 
considerable variation in tho effective weight 
apart from any change in live load occurs, 
duo to tho transfer of rope weight from the 
ram to the cage side of the suspending pulleys 
its the cage rises and falls. Two alternative 
methods of balancing this variation are 
shown in Fig. 71. The simplest is where one 
end of a balance chain of length equal to half 
tho travel of the lift is fastened midway up 
tho shaft and tho other end to the bottom 
of tho cage. When the cage is at its lowest 
position tho weight of the chain is entirely 
earned by the fixed fastening, and, when half¬ 
way up, equally by shaft wall and cage. The 
weight thus thrown on cage is designed to 
equal tho weight of rope transferred to the 
rain side of the guide pulleys. 

If u\ bo the weight of the balance chain, 
and w the weight of the suspending rope in 
pounds per foot run, then in order that the 
dead load shall remain constant 

The other alternative is the use of a water 
column compensator d connected to the bottom 



of the ram cylinder D, as shown in dotted lines. 
H hen the ram is at its highest position the 
cage is at its lowest and the water-level in 
d is least. As the cage rises and the weight 
of suspended rope is diminished water" is 
displaced from D to d, and its head decreases 
the effective pressure of the ram in a corre¬ 
sponding degree. 

If k be the lift of the cage, L/m the stroke 
of the ram, D and d the diameters of the ram 
and compensator cylinders respectively, then 
the height h of the compensator will equal 
L/m(D 2 /d 2 ), and its balancing head will have a 
total difference of h + L/m feet. The maximum 
variation of weight to be balanced will equal 
wL(l + l/m), and from this data the diameter 
d may be determined. 

The suspension system necessitates adequate 
safeguards against the fracture of a rope, and 
suffers in comparison with the direct lift 
owing to the inefficiency of the jigger, the loss 
varying directly as the value of m, but it is a 
much more compact and convenient arrange¬ 
ment in use. . ' 


The usual speed for lifts, having regard to the 
comfort of passengers, is about 2 ft. per second, 
hut for express service in America a speed as 
high as 8 ft. per second is not uncommon. 

§ (59) Cranes. —The principle of the hoist 
and jigger is extended to the handling and 
raising of goods by cranes, the cage "being 
replaced by a book from which the load is 
suspended. Separate rams and cylinders are 
employed to effect through jiggers the opera¬ 
tions of lifting, slewing, and racking, each 
under independent con¬ 
trol. In special ap¬ 
pliances, such as the 
hydraulic coal tip, the 
combination includes a 
direct - acting hoist, 
capable of lifting at the 
dockside a railway wag¬ 
gon weighing 10 to 20 
tons to a height suffi¬ 
cient to enable its con¬ 
tents to be discharged 
through a shoot into 
the hold of a vessel 
suitably moored. The 
main operation of lifting 
the platform carrying 
the load is by means 
of direct-acting rams, ! 
while the operations of 
tipping and working 
the cranes connected 
are all performed by hydraulic jiggers. 

An important feature in cranes is the 
method adopted where the load varies within 
wide limits in order to economise water at 
light loads. A differential ram of the type 
shown in Fig. 72 is used, high-pressure water 



Fig. 72. 
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.being admitted at A. A solid ram r fits inside 
a hollow ram R working in a cylinder C. It is 
. arranged that if the load is a light one R may 
be locked to C by a catch a and the lifting done 
by r. For heavy loads a is released by an 
upward movement of the lever L, r and R 
move together, and the lifting area is then 
that of R. 

§ (60) Hydraulically-braked Machines. 

_This class of hydraulic machine is the 

converse of those just described, and has for 
its primary object the rapid but gradual 
absorption of energy from a moving body 
and its dissipation with the least possible 
shock. Its essentials are contained in the 
ordinary dashpot used for damping the 
oscillations of various mechanisms. . This 
device consists of a cylinder fitted with a 
piston and rod and filled on either side of the 
piston with water or some more viscous 
fluid and the * ends connected together by 
constricted passages. Any displacement of 
the piston is accompanied by a transference 
of the fluid from one end to the other, and 
the rate at which this is effected governs the 
speed of the piston and the vibrations of the 
mechanism to which it is attached. 

A high velocity is imparted to the displaced 
fluid during its flow through the constricted 
passage, and. energy is dissipated partly in 
eddy formation, partly in overcoming fluid. 


be greater than the volume available on tho 
other side by an amount equal to the volume 
of the piston rod when closing, and motion 
would be impossible unless a portion of the 
fluid was allowed to escape from tho cylinder. 

(ii.) Crun-recoil Cylinder.— Another applica¬ 
tion is the tension-recoil cylinder for a gun 
illustrated in Fig. 74. Hero tno annular 
connecting passage p works over a tapered 
circular spindle S fixed longitudinally in the 





Fig. 73 


friction, and partly in overcoming the 
mechanical friction of the device. It is 
usually desirable that the resistance should 
be uniform throughout the piston displace¬ 
ment, and to ensure this the velocity of flow 
upon which the resistance mainly depends 
must be kept constant. Since the rate of 
displacement diminishes as the moving body 
is gradually brought to rest it is necessary to 
reduce the area of the connecting passage 
proportionally. 

(i.) Buffer Slop—A typical example of the 
use of this on a large scale is the buffer stop 
for railway work, as shown in Fig. 73. The 
connecting passages are two rectangular slots 
a, cut in the piston and working^ over tapered 
longitudinal strips of uniform width fitted to 
the cylinder. As the piston is displaced from 
A to B the area of the passages is proportion¬ 
ately reduced. In this arrangement the piston 
rod is designed to be in compression, and is 
continued through the rear end of the cylinder. 
Without the addition of this tail rod the 
volume of fluid displaced by the piston would 


Fig. 7 

cylinder, the area of opening varying with 
the diameter of the spindle, winch a so acts 
as a tail rod to tho piston. Sinoo m this case 
the piston rod is intended to be in tension, tho 
absence of a tail rod would tend to produce a 
partial vacuum behind the piston and there >y 
increase the resistance to closing. .1 ho piston 
is returned in readiness for another operation 
by springs compressed during tho forward 
stroke or by counterbalance weights, though 
with fixed structures a supply of pressure water, 
if available, may 
be used. A 
secondary dash- 
pot I) is intro¬ 
duced to damp 
tho return oscil¬ 
lation, the central 
spindle then act¬ 
ing as the piston and tho escape of the fluid 
taking place along grooves in its miriaee 
marked r/. The general equation, o£ euoigy 
for this class of machine is as follows : 

A=net effective area of piston in Nipmre 
foot, 

«=effective area of passages, 

L=length of piston displacement in feet, 
l --length of connecting piiHsagos, 
v and V== velocities of fluid through passages anti 
of: moving body respectively, 
m>AL= weight of fluid displaced, 

W = weight of moving body, 

\VV a 

Work done in bringing body to ront™ j ~• 

iKinotic energy imparted to fluid 

-(-energy spout in overcoming fluid friction 
+energy spent in overcoming meolmuioal 
resistance F; 
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§ (<>]) Dynamometer . 1 —This braking mech¬ 
anism servos not only the purpose of absorbing, 
but also of measuring the energy available 
at a rotating shaft. The standard Froude 
arrangement illustrated in Fig. 75 consists 
of a disc wheel A rigidly connected to the 
revolving shaft, and lias a series of curved re¬ 
cesses or pockets 15 on both faces. The recesses 
are Himii-oylindrical, with the dividing walls F 
contained 'by planes making an angle of 45° 
with, the axis of the shaft and inclined forwards 
in the direction of motion. The casing B is 
mounted on, but free to rotate about, the 
shaft D and has, on its inner faces, pockets 
•which are the complement of those in the 
disc. Water under pressure is led through 
the inlet Cl passing by ducts FI in the dividing 
walls to the clearance space between the two 
Hots of pockets, and thence into the pockets, 
where a vortex motion of the water particles 
is set tip. The water is thus projected from 
the outer periphery of the impeller to that of 


inlet valves, so that a constant moment is 
preserved. If the speed of the shaft increases, 
causing an increased moment on the impeller, 
the casing receives a slight displacement, and 
this is made to close the inlet and open the 
outlet valves. This reduces the mass of water 
in the brake and, consequently, the moment 
of the casing. Oscillations due to variations 
of speed are damped out by a dashpot D 
connected to the brake arm. 

§ (62) Hydraulic Transformers. — The 
possibility of using hydraulic elements effi¬ 
ciently in a train of mechanism has lately 
claimed considerable attention. The fluid is 
not regarded as possessing energy, but is 
viewed, like belting or gearing, simply as a 
means of transmitting it. Development has 
taken place in two distinct directions : 

(a) The earlier and the commoner is based 
on the continuous flow or motion of a fluid 
column as a whole, and assumes the more or 
less complete incompressibility of the fluid, and 



the casing pocket and guided by its semi¬ 
circular boundary back to the impeller. _ 
clearance between the disc and the casing 
allows of a small escape of water from the 
pockets to the chamber C, the amount being 
controlled by the outlet valve. Ihe change 
in the moment of momentum of the water 
about the shaft, which occurs as it passes 
from the impeller to the casing _ pockets, 
produces a moment acting on the casing equal 
to the moment in the shaft. Tins moment is 
balanced and the casing kept stationary by 
the moment of an external force acting on a 
arm projecting from the casing, and at righ ■ 
Llgto ti. the Bhrft. The magnitude of tta 
moment is easily measured, and the ene gy 
absorbed per minute by the brake is equal to 
2vr x measured moment (ft.-lbs.) x revolution 

per minute of the shaft. , •. i 

The external force consists of balance 
weights applied at the extremity of the arm 
together with a rider weight sliding along the 

scale marked on the arm. 

The brake is regulated automatically by 
having the casing connected to the outlet and 
t Bee also article on " Dynamometers. 


(b) the other depends upon the elasticity 
of the fluid, and utilises its resilience to propa¬ 
gate pressure waves and thus transmit eneigy 
from the generator to the point where force is 

to he applied. , . , 

Either system requires as essential elements 
a pump to impart energy to the fluid and a 
motor to transform it into work. 

s (63) Transmission by Fluid Motion. 
Hydraulic Jack. -This well-known machine 
may he taken as the simplest and oldest 
example of the hydraulic transformer, and is 
shown in Fig. 76. A plunger working m a 
pump chamber 0, and operated by the re¬ 
ciprocation of a hand lever A, pumps water 
from a reservoir B, through suction and delivery 
valves and v d , into the ram eyhnder D. 
The ram forms at its lower end the base upon 
which the jack stands. Leakage between 
the ram and its cylinder is prevented by a 

cup leather which makes a water-tight pmt 

between them. The weight is camed either 
centrally on the top cover or eccentricaUy hy 
a proiecting claw near the base, and is hf e 
by the displacement effected by the wa 
pumped into the ram cylinder. Any accumu- 
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lation of air is removed through a small hole 
iu the cover normally filled by a screw plug. 
Should the proper lift be exceeded water- 
escapes through the opening 0, and lowering 
is effected by means of. 
a screw - in valve L 
which allows com¬ 


munication between 
the reservoir and the 
ram cylinder. The ele- 
L ments accordingly are 
a simple force pump 
and an accumulator. 

If l and L bo the 
distances of plunger 
and lever handle from 
the centre of oscillation, 
a and A be the areas 
in square inches of the 
plunger and ram, and 
P/W be the ratio of the 
force exerted to the 
weight lifted, then 
P/W=Za/LA. 

The efficiency de¬ 
pends largely on the 
method of loading, the 
frictional losses being 
much greater when the 
machine is eccentrically 
loaded. These losses 
being largely mechani¬ 
cal, and not hydraulic, do not increase pro¬ 
portionately to the load, and hence large 
machines are more efficient than small ones. 

§ (64) Compagne Hydraulic Gear and 
Hele-Shaw Pump. —An interesting applica¬ 
tion of energy transmission is the reducing 
gear of motor - car and other engines. A 
successful example is the Compagne Hydraulic 
Gear, which has as its important feature the 
well-known Hele-Shaw pump with variable 
stroke. The pump, which is driven by the 
prime mover, takes water or oil from a supply 
tank and delivers it with added pressure and 
Idnetic energy to a hydraulic motor of the 
constant-stroke type, keyed to a secondary 
shaft. By varying the stroke of the pump 
while maintaining the speed, the discharge 
may be made to vary, and as a consequence 
the speed of the motor and its shaft. 

The principle of the pump, which is of the 
rotary-plunger class, is similar to but the 
reverse of the Rigg engine, and is illustrated 
in Fig. 77. Multiple cylinders A with their 
axes set radially form a monobloc which is 
coupled directly to the engine shaft. The 
plungers C working in the cylinders carry 
gudgeon pins D which engage in and are guided 



by grooves in a floating ring F which is mounted 
on ball-bearings and rotates in a housing G. 
The housing is capable of a transverse motion 
across the casing, so that the axis about which 
the ring rotates may either coincide with 
that of the engine shaft or bo eccentric to 
right or left of it. The stroke of each plunger 
with respect to its cylinder is equal to twice 
this eccentricity, and changes its relative 



direction when the axis of the ring passes 
through the concentric position. This results 
in a reversal in the direction of the flow 
without an alteration in the direction of 
rotation of the prime mover, and the change 
from full forward to full reverse discharge 
is made gradually and without shock. The 
working fluid is led to the cylinders by ports 
in a fixed stub-axle B which fits into the 
hollow end of the engine shaft, and is con¬ 
trolled by a circular rotary valve. It is drawn 
from the supply tank during the outward 
or suction stroke of the plunger through, the 
passage H, and by this arrangement the effect 
of centrifugal force is to reinforce the supply 
pressure and thus prevent separation of fluid 
and plunger at high speeds. The interior of 
the floating ring is always Hooded with, the 
fluid, but the space between, it and the casing 
is kept carefully drained to minimise disc, 
friction. The friction of the gudgeon pins 



in their guides being greater than the resistance 
between the housing and the ring ball-bearings, 
causes the ring to revolve with the cylinders. 
This is an essential features in the high efficiency 
of the pump, the frictional resistance being 
thus reduced to a minimum. 

Discharge takes place through, the passages 
K to the hydraulic motor, which is of similar 
construction to the pump, but of the constant- 
stroke type, and works inversely. It is coupled 
directly to the driving - wheel axle, and is 
illustrated in Fig. 78. Instead of the floating 
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cage a cam N is used as a track or guide for 
the ball-bearing rollers M carried by the 
gudgeon pins D, and it is designed so that each 
plunger makes two strokes per revolution. 

The over-all efficiency of a pump and motor 
transmitting 37 horse-power is stated to 
range from 75 to 85 per cent. The pump had 
a constant speed of 770 revolutions, and the 
variation in the speed of the motor is given 
as from 50 to 170 revolutions per minute. It 
seems likely that the advantages of a continu¬ 
ous-variable gear of this class will be better 
realised in connection with the transport of 
heavy loads in the future. 

§ (65) Fottinger Gear. —Where the energy 
to'be transmitted and the speed of working are 
of much greater magnitudes, a suitable form 
of hydraulic transformer is the Fottingor gear. 
Such conditions obtain in the case of the power 
plant for ship propulsion, where there exists 
the necessity for a high speed of turbine shaft 

together with 
,D a low speed of 

propeller shaft 
in order to 
secure the 
maximu m 
efficiency of 
both. This in¬ 
volves some 
system of 
speed reduc¬ 
tion, which in 
the case of 
slow - moving 
steamers may 
be as groat 

as 20 to 1, and for fast boats 6 to 1. It 
is in connection with the latter ratios that 
hydraulic transformers have been found suit¬ 
able. The arrangement (Fig. 79) consists of 
an impeller wheel A keyed to the after end 
of the primary power shaft, and a two-stage 
rotor wheel R mounted on the propeller 
shaft. The water passages of the impeller 
and rotor wheels, with the addition of a 
short length C of guide passage which is 
attached to the casing, form a closed circuit 
and are filled throughout with water. The 
rotation of the primary shaft sets up a pressure 
difference between the inlet and outlet of the 
impeller A as in a centrifugal pump, and flow 
is induced in the circuit. Part of the energy 
thus given to the water, is absorbed by the 
motor in its first stage B. The water is then 
guided by the fixed passages C towards the 
second stage D, from whence it discharges into 
the inlet of the impeller A and the cycle is 
repeated. By a suitable design of the vanes 
the rate of flow through the rotor is very much 
less than in the impeller, and the speed of 
the secondary shaft thereby adapted to the 
efficient working of the propeller. The trans¬ 


put. 79. 


former is supplied with water at N from a low- 
pressure supply tank for the purpose of making 
good any leakage from the wheels. 

Where reversing requires to be provided 
for, a go-astern transformer similar to that 
described is incorporated, and the water of 
the transformer not in use is emptied into a 
drain tank, from which it is delivered by means 
of a small centrifugal pump into the supply 
tank. A manoeuvring valve of the balanced, 
piston type controls the opening to this tank 
of the transformer in action and to the drain 
tank of the other, simultaneously. The 
transmission ratio remains constant at all 
speeds, - and a reduction of 6 to 1 has been 
successfully applied, the energy transmitted 
being 25,000 horse-power, and the efficiency 
stated to bo 90 per cent. 

§ (06) Transmission by Wave Motion.— 
With this system energy is transmitted from 
one point to another, which may be at a con¬ 
siderable distance, by means of impressed 
periodic variations of pressure producing 
longitudinal vibrations in a fluid column. The 
characteristics are analogous to those existing 
when a valve is suddenly closed in a long pipe 
line containing water in motion, and waves of 
alternate pressure and rarefaction are propa¬ 
gated throughout the length of the. pipe. 
Where the principle is utilised for the trans¬ 
mission of energy, the pressure wave is initi¬ 
ated in the fluid by the outward stroke of a 
pump plunger operated by a prime mover or 
generator. The displacement of the plunger 
is resisted by the inertia of the fluid, a change 
of pressure occurs, and a pressure wave travels 
along the column; elastic deformation takes 
place and resilient energy is stored. At the 
distant or outlet end a motor of equal capacity 
and similar dimensions to those of tlm pump 
absorbs the energy contained in the fluid, and 
if all frictional losses are assumed to be 
negligible the motor plunger has a displace¬ 
ment equal to that of tho pump. The return 
stroke of the pump is similarly followed by a 
wave of negative pressure or rarefaction, 
which on reaching the motor induces the reverse 
motion of the plunger. If properly synchron¬ 
ised, tho further motions of tho pump are 
followed by corresponding movements in the 
motor, and the energy available at the latter 
will bo equal to the power of tho pump 
diminished by tho fluid friction in the pipe 
line and the resistance of the mechanical 
elements. The displacement volume of tho 
plungers does not excoed the elastic volumetric 
deformation of the fluid, and tho stroke is 
accordingly small. To enable,^ therefore, any 
considerable energy to be transmitted, the 
number of strokes per second is made large, 
and a typical 10-horse-power generator rotates 
at a speed of 2400 revolutions per minute, 
giving 40 wave impulses per second to a 
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nluneer of l-A in. diameter and H in. stroke, 
the length of the pipe line being 240 ft. The 
maximum pressure reached under these 
conditions is 1500 lbs. and the mean about 
750 lbs. per sq. in. The presence of air. m 
the pipe line creates surges and fluctuating 
pressures, and valves for the release of air are 
provided both at the pump and the motor. 

A capacity chamber communicating with 
the main pipe, filled with water and fitted 
near the pump, acts in a similar manner to the 
air-vessel in an ordinary reciprocating primp 
and equalises the pressure. Before starting, 
the pipe line is charged by an auxiliary water- 
pump, if a gravity feed is not available, to an 
initial pressure of about 100 lbs. per sq. m. 
Any free air in the system is allowed to escape, 
and the pump, driven by an electric or other 
convenient generator, is then started up. 

Fig. 80 shows the arrangement of a portable 
duplex pump driven from a generator shaft 
developing 10 horse-power at 40 cycles per 
second. Two capacity chambers B, with a 


specially designed for the relatively high 
alternating pressures. . _ . 

The system described is that devised 
by Mr. G. Constantinesco, who first utilised 
the principle to procure synchronisation of 




I’M. 81. 

machine-gun fire with the revolutions of 
aeroplane propellers by moans ot his C.0. 
Interrupter Gotir, which enabled -000 shots 
per minute to be fired between the blades of 
a propeller revolving at a high, speed without 
the danger of the blades being struck. For 
the system as a means of power 
transmission are claimed the merits 
of great flexibility and perfect safety, 
while its efficiency is stated to 
greatly exceed that of compressed 
air or electricity. Its application on 
a practical scale is at present being 
demonstrated, and. may be readily 
expected to yield important results. 


Fig. 80. 


communicating passage P to equalise pressures, 
are fitted. 

The motor may be similar to the pump 
but working inversely, or the energy may bo 
taken off at various points along the pipe 
line by motors specially adapted to the tools 
to be operated. 

It is obvious that in long pipe lines flexibility 
and the prevention of leakage of the fluid, are 
factors of vital importance, and Fig. 81 shows 
a sectional view of the piping which has been 


Hydrogen, Guaraotkiuhtio Con¬ 
stants of, tabulated. Bee 
“ Thermal Expansion,” § (M-) 
(iii.). 

Hydrogen, Separation from 
Water-gas. See “ Gases, Lique¬ 
faction of,” § (2). 

Hydrogen, Sraomo Heats of, 
tabulated values obtained by 
School and House. See “ Calori¬ 
metry, Electrical Methods of,’ 

§ (15), Table IN. 

Hydrogen, used as Thermometuio 
Substance. See “ Thermodynamics, 

8 ( 4 ). 

Hydrogen Scale oe Temperature, Normal, 
represented by a sot of vena dur thermo¬ 
meters at the International Bureau, the 
international standard of temperature. 
See “ Temperature, Realisation of Absolute 

Scale of,” § (30). _ . , 

Hydrotlane. See “ Ship Resistance and 
Propulsion,” § (35). 
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I </> Chart, roproaontation of action of ideal 
vapour compression refrigerating machine 
on. See 1,1 Refrigeration,” § (3). 

Ioe, Density of, at 0° C., tabulated values 
assembled by lloth for the determination of 
a value for use in calculating the latent heat 
of fusion. See “ Latent Beat,” § (15), 
Table IX. 

loo, Latent Brat of Fusion of : 

1 ietonnined by A. W. Smith by the Electrical 
Method. See “ Latent Heat,” § (16). 
Determined by means of the Ice-calorimeter. 
See ibid. § (15). 

Determined by Regnault by the “ Method 
of Mixtures.” See ibid. § (14) (i.). 
Determined by various observers and 
tabulated. See ibid. § (17), Table X. 
Investigated by Black in 1762 and by 
Lavoisier and Laplace in 1780. See 
ibid. § (13). 

Variation with Temperature of. See 
ibid. 8 (IB). 

Tok-foint on the Kelvin Thermodynamic 
Scale, Determination of. See “ Tempera¬ 
ture, Realisation of Absolute Scale of,” § (21). 
Ideal Gas : Entropy, Energy, Total Heat, 
AND OTHER Properties of. See “ Thermo¬ 
dynamics,” § (57). 

Ignition Point, Determination of. See 
“ Flash-point Determination,” § (6). , 

Image, Effect of Size of, on Indications of 
Radiation Pyrometer. See “ Pyrometry, 
Total Radiation,” 8 (14) (ib). 

Impact and Notched Bar Testing. See 
“ Elastic Constants, Determination of.” 
The Chfti'py Method. § (98). 

Dimensions of Standard Test-pieces. § (102). 
Effect of Variation of the Angle of the Notch 
of the Test-piece. § (103). 

Effect of Variation of Root Radius and 
Depth of Notch of the Test-piece. § (104). 
Effect of Sisco of Specimen on the Results 
obtained. 8 (109). 

Effect of Variation of Striking Velocity on 
the Energy to Fracture. § (107). 
Experiments by Izod, Stanton and Bairstow, 
Harbord, and Progress of Impact Test¬ 
ing in Britain. § (99). 

General Considerations and Methods of 
Test. §8 (0S)-(101). _ 

Results of Rod Tests on Materials Correctly 
' and Incorrectly Heat Treated. § (101), 
Table 32. 

Slow Bonding Tests on Notched Bars. 
§ (1.08). 

Tests at Varying Temperatures. § (119). 
Tests under Repeated Bending Impact. 
§(111). 

Use of Round Test-pieces. § (105). 


Impact Tests : 

On Screw Threads—Results with Different 
Forms of Thread. See “ Elastic Con¬ 
stants, Determination of,” § (41). 

On Unnotched Bars. See ibid. § (110). 
Impulse Turbines : 

Hydraulic. See “ Hydraulics,” III. § (45). 
Steam. See “ Turbine, Development of the 
Steam,” § (2); “ Steam Turbine, Physics 
of the,” §§ (10), (15). 

Inclined Plane. See “ Mechanical Powers,” 

§ ( 1 ). 

Index Law in Fluid Resistance. See 
“ Friction,” §§ (13), (17). 

Indicated Thermal Efficiency. See 

“ Petrol Engine, The Water-cooled,” § (2). 
Indicator, Hopkinson’s Optical. See 

“ Pressure, Measurement of,” 8 (19). 
Indicator Diagram, Watt’s. A curve show¬ 
ing the relation between the volume and 
the pressure of a substance undergoing 
thermodynamic change. See “ Thermo¬ 
dynamics,” § (11) 4 

Indicators, Steam-engine. See “ Pressure, 
Measurement of,” § (18). 

Injectors and Ejectors : 

Gaseous Stream. See “ Air-pumps,” § (27). 
Liquid Stream. See “ Air-pumps,” § (30). 
Instability, Failure of Structures due 
to. See “ Dynamical Similarity, The Prin¬ 
ciples of,” § (45). 

Instantaneous Centres of Points in . a 
Mechanism. See “ Kinematics of Machin¬ 
ery,” § (5). ( 

Intensifiers, Hydraulic. See “ Hydraulics,” 

§ (56) (iv.). 

Internal Combustion Engines : 

Losses in. See “ Engines, Thermodynamics 
of Internal Combustion,” § (55). 

Loss of Heat to Walls during Explosion 
and Expansion. See ibid. § (56). 

“ Mixtures ” for. See ibid. § (26). 

Internal Energy of a Body. See “ Thermo¬ 
dynamics,” §§ (10), (12), and (30). 

Internal Pressure Correction to a 
Thermometer. See “ Thermometry,” § (3) 

(ii.). 

Involute Teeth. See “ Kinematics of 
Machinery,” § (9). 

Inward-flow Turbines (Hydraulic). See 
“ Hydraulics,” III. § (49) (iii.). . 

Iron Oxide, Emissivtty of, determined 
by optical pyrometer. See “ Pyrometry, 
Optical,” § (18). . ^ 

Isentrofic Change. A change m the press¬ 
ure volume and temperature of a body 
carried out reversibly in such a way that the 
entropy of the body remains constant. See 
“ Thermodynamics,” § (24). 
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Isopentane, Critical Isotherm of.: value 
of pressure (1) calculated by Dioterici s 
second equation and (2) observed, tabulated 
against the volume. See “ Thermal Expan¬ 
sion,” § (21). . 

Isothermal Change. A change m the 
volume and pressure of a body carried out 
reversibly in such a way that no change 

-J 

Jack, Hydraulic. See “ Hydraulics,” § (63) 
(i.). 

Jaquerod and Perrot, 1905, comparison of 
gas-thermometer with secondary standards 
of temperature in range 500° to lbOO . See 
“ Temperature, Realisation of Absolute 
Scale of,” § (39) (xii.). 

Jet Propeller for Ships. See “ Ship 
Resistance and Propulsion,” § (52). 

Jets, Theory of. See <! Steam Engine, 
Theory of,” § (12). 

Jigger for Hydraulic Lifts. See 
“ Hydraulics,” § (58) (ii.). 

Joule: 

Equivalent. See “ Mechanical Equivalent 
of Heat,” § (2). 


in the temperature of the body is^ allowed 
to occur. See “ Thermodynamics,’ § (16); 
“ Engines, Thermodynamics of Internal 
Combustion,” § (3). 

Isotropic) Materials : a name given to 
substances which exhibit similar properties 
in all directions. Sec “ Elasticity, Theory 
of,” § (4). 


Experiments on Mechanical Equivalent of 
Heat. See ibid. § (2). 

Joule-Tjiomson Effect. Soo “ Gases, Eique- 
faction of,” § (1) ; “ Thermodynamics,” 

§§ (12), (43), (50), (57). 

Joule-Thomson Effect, Inversion of. Sen 
“ Thermodynamics,” § (50). 

Joule - Thomson Equation : a thermo¬ 
dynamic equation, providing an additional 
method of testing a gas equation. See 
“ Thermal Expansion,” § (23). 

Joule - unit of Work. See “ Mechanical 
Equivalent of Heat,” § (3). 

Joule’s Law. Soo “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § (10). 

Joy’s Valve Gear, Velocity Diagrams 
for. Sec “ Kinematics of Machinery,” 
§ (4) (iii.). 


K 


Kelvin Double Bridge Method of measur¬ 
ing Resistance applied to the Platinum 
Resistance Thermometer. See “ Resist¬ 
ance Thermometers,” § (19). 

Kelvin’s Absolute Scale of Temperature. 
See “ Engines, Thermodynamics of Internal 
Combustion,” § (7). 

Kinematics. That part of the science of 
mechanics which treats of the motions 
of bodies without reference to the bodies 
or to 'the causes which give rise to the 
motions. 

KINEMATICS OE MACHINERY 

This subject, as its name implies, deals with the 
motions of the various parts of machines with¬ 
out reference to either the forces involved or 
the actual proportions of the parts, other than 
those dimensions which determine the motion. 

A machine consists of one or more kine¬ 
matic chains, each of which consists of a 
series of members moving in a definite manner. 
The various members are treated as rigid 
bodies, any effect due to their elasticity being 
introduced as a correction. Parts which are 
deliberately made flexible, such as belts, 
chains, etc., are not usually considered as 
members in this sense, but merely as imposing 


certain constraints on the members on which 
they act. 

■ § (1) Degrees of Freedom. Co-ordinates. 
(i.) Definitions .—To determine the position 
of a rigid body in space, six quantities are 
needed. For instance, wo may specify the 
Cartesian co-ordinates of a point on it, ami 
also the three angular co-ordinates, usually 
called Rodrigue’s Co-ordinates, which specify 
its position with respect to three rectangular 
axes through that point. Any one of these 
co-ordinates may vary without affecting the 
others, giving six different motions, and lumen 
a rigid body iH said to have six tlvijrrrs of 
freedom. Any motion may be specified in 
terms of the rates of change of these co¬ 
ordinates, and any limitation imposed on them 
is called a constraint, the degree of the con¬ 
straint being the number of equations between 
the co-ordinates to which it gives rise, and 
the body being said to have lost that number 
of degrees of freedom. For Instance, if one 
point is constrained to lie on a plane, mm 
constraint is imposed and live degrees of 
freedom remain, whilst if two points are con¬ 
strained to lie on a straight line, four condi¬ 
tions are imposed and two degrees of freedom 
are left, which are easily recognised as trails, 
lation along the lino and rotation round it. 
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l °tion. of a body be such that all 
1 ' v flich initially lie in a fixed plane 
t ;° so, three conditions are imposed 
•fiorx is referred to as pZcme motion, 
“Agrees of freedom remaining to be 

I structure to which the various 
iee 'l ianism are attached, and relative 
Le y move, is called a frame. 
niters of a machine which react on 
!1 ’j either directly or through the 
a flexible belt or chain, are said to 
I*airs may be classified according 
fiber 0 f degrees of freedom which 
1° one member when the other is 

Mm only permit one degree of free- 
in on one member revolving without 
1 in a hole in the other which it 
'> a block on one working in a slot 
ier > and a nut on its screw, are 
>f lower pairs. The first two are 
°f plane motion, the third is 

'(lira allow two degrees of freedom, 
instance is a round pin in a slot, 
pin can move along the slot, and 
avolve on its own axis. In piano 
o surfaces which touch along a line 
ier pair, for both rolling and sliding 
This is sometimes taken as a 
of a higher pair, a lower pair 
i defined as having contact over 
The contact of toothed wheels 
i instance of higher pairing, and 
connection of two pulleys by a 

cases a higher pair can bo replaced 
tional member and two lower pairs, 
to see that this does not alter the 
degrees of freedom. For instance, 
s slot may be replaced by a pin in 
liich works in the slot. This has 
ant practical advantage of reducing 
belt can at any instant bo con- 
a rigid member pin-jointed to the 
ontact. 

es of Motion .—Pairs of higher order 
. vised and are not classified. It is 
Bimplo matter to determine by in- 
hether one or more types of motion 
Le to an assemblage of parts, but 
given in books on mechanism for 
his be so by counting the number of 
nd pairs of each type. The simplest 
to count the number of members 
the frame and to multiply by three 
motion), and then to deduct twice 
ir of lower pairs, which impose two 
i each, and once the number of 
irs, which impose one each. If 
mibers are connected by the same 
ler the pin as attached to one of 


them and imposing two constraints on each of 
the others. There are thus four constraints 
where a pin unites three members, six when 
it unites four, and so on. 

For example, consider two rods attached by 
pin joints to one another and to the frame. 
I-Iore we have two members each with three 
degrees of freedom, making six in all, also 
three joints imposing two constraints each, so 
there is no degree of freedom left and we 
have not a mechanism but 
a frame. If the number of 
degrees of freedom is negative 
the frame is said to have 
redundant members. 

Consider next three rods 
inn-jointed to one another 
and to the frame. Here we 
have 3x3 = 9 degrees of free¬ 
dom, and 4x2 = 8 constraints, 
hence one degree of freedom 
remains, and wo have a 
mechanism or kinematic chain, usually called 
the Four Bar Crank Chain, the fourth bar 
being the frame. 

The introduction of a fourth rod would give 
4 x 3 = 12 degrees of freedom, 5x2 = 10 con¬ 
straints, hence two degrees remain, more than 
one type of motion is possible, and the arrange¬ 
ment is not a kinematic chain. 

Consider a crank driving a connecting-rod, 
the other end of which carries a pin moving 
in a slot. Here wo have, in addition to the 
frame, two members, each with three degrees, 
two lower pairs imposing two constraints each, 
and one higher pair imposing one. Hence 
there is one degree left. This mechanism, 
modified by replacing tho higher pair by a 
block in the slot, pin-jointing to the connecting- 
rod, is called the Slider Crank Chain, and 
assumes various forms or inversions by fixing 
various members. As described it is the 
mechanism of tho direct- 
acting engine, fixing tho 
connecting - rod we get 
tho oscillating cylinder 
engine, fixing the crank 
we got the rotary engine 
and the quick return, 
and fixing tho block wo 
got a mechanism known as the pendulum 
pump, but not much used. 

Consider a rod with two pins working in 
two slots in the frame. Hero wo have one mem¬ 
ber with its three degrees of freedom, and two 
higher pairs, loaving one degree. This mech¬ 
anism, with the higher pairs replaced by blocks 
and lower pairs, is called the elliptic trammels, 
as any point in the rod describes an ellipse, 
and by inversion we get the elliptic chuck and 
Oldham’s coupling. 

§ (2) Loot. —An important branch of the 
subject is the determination of the loci of 
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points in a mechanism, and the design of 
mechanisms to trace given loci. The ordinary 
methods of analytical geometry are employed, 
but there are special approximate methods 
used in certain cases where the complete 
solution is not readily obtained. Much 
thought was at one time given to the subject 
of parallel motions, a term used to denote a 
mechanism which guided a point in a straight 
line. Such mechanisms are now much less 
important than they were, but an analysis of 
one of them (Watt’s) will illustrate a method 
which is very useful. In this mechanism 
two rods each pivoted at one end have their 
other ends joined by a link. A portion of 
the path of one point on the link will 
then be a close approximation to a straight 
line. 

The arrangement of the mechanism is shown 
in Fig. 3, with a centre line diagram below 
^^ it. Let AX and BY 
^ be the rods, pivoted 
to the frame at A 
and B, and coupled 
by the link XY, which 
is not far from per¬ 
pendicular to them 
when they are parallel 
to one another. Let 
Z be a point on the 
link and let AX = a, 
BY —b, XZ = x, Y Z=y. Let AX be rotated 
through a small angle 0, then X rises a9 and 
moves to the left iaO 2 , both expressions being 
correct to the second order in 8. 

Neglecting the effect due to the change in 
obliquity of the link XY, Y Avill also rise ad, 
and hence BY turns through an angle aOjb, 
causing Y to move to the right a distance 
b(a0lb) 2 =a 2 d~l2b. Hence Z moves to the 
left a distance (yad z l2 -xa z 0 z l2b)l(x + y) which 
is zero if ax—by. Z then rises in a path 
which deviates from a straight line only in 
terms of the third order. 

In many cases loci are plotted by drawing 
out the mechanism in a succession of positions. 
The labour may often bo reduced by drawing 
part of the mechanism on tracing paper which 
is moved into successive positions and the 
point whose locus is required is pricked through 
on to the paper below. Models in cardboard, 
jointed by eyelets or pins, are often extem¬ 
porised, and for some purposes well-made 
metal models, with members adjustable in 
length, are used. This is notably the caBe 
with valve gears. 

§ (3) Displacement, Velocity, and Accel¬ 
eration. (i.) Graphical Methods. —In studying 
the motion of a point it is often found useful 
to plot the displacement, velocity, and accelera¬ 
tion on a time base. This is especially the 
ase when the mechanism derives its motion 
rom a uniformly rotating shaft. A circle 


described round the centre of the shaft is 
divided into a number of equal parts, and the 
mechanism is drawn out with the driving 
crank in each of these positions. This deter¬ 
mines a series of positions of the point under 
consideration at equal intervals of time, and, 
a horizontal line being divided inti.) a corre¬ 
sponding number of equal parts, ordinates 
are set up to represent the distanco of the 
point from some fixed point on its path. This 
curve is known as the displacement - time 
curve. Its form gives us a considerable 
amount of useful information. It shows the 
extreme points of the motion, and when they 
occur, the range, and the time between the 
two given positions. It may also serve to 
suggest an approximate formula for the dis¬ 
placement, and can be submitted to harmonic 
analysis. The curve can be obtained from a 
model even better than by drawing. 

If more definite information as to the velocity 
is required it may be obtained by graphic 
differentiation of the above curve, as the slope 
of the latter is evidently a measure of the 
velocity. If this process is to be employed 
the curve must be drawn with great care, and 
the exact direction and point of contact of 
the tangent is best determined by laying on 
the curve a piece of celluloid on which are 
scratched two straight lines at right angles, 
and adjusting this till the eye accepts the linos 
as the tangent and normal at the point under 
consideration. The tangent being marked on 
the paper, two points are taken on it, and the 
difference of their ordinates, interpreted on 
the displacement scale, divided by the differ¬ 
ence of the abscissae, interpreted on the time 
scale, gives the velocity. 

A velocity-time curve can now bo plotted. 
It is difficult to obtain accuracy by this 
method, and a considerable amount of fairing 
of the points and redetormination of the 
tangents will probably be needed before a 
satisfactory curve is obtained. Hence the 
desirability of more direct methods given 
below. 

A graphic differentiation of tho velocity¬ 
time curve gives the acceleration, which can 
also be plotted on a time base. The accumula¬ 
tion of the errors of two such differentiations 
renders the need of more direct methods 
imperative. Tho chief use of a knowledge 
of the acceleration is to calculate inertia 
forces. 

In many cases it is useful to plot velocities 
and accelerations on a displacement base. 
This is especially so when studying the motion 
of the piston of a steam engine or of tho 
cutting tool of a Blotter or shaper. 

(ii.) Analytical Methods. — Velocities and 
accelerations can sometimes be found ana¬ 
lytically. For instance, consider the direct- 
acting steam engine, shown diagrammatieally 


Jop 


A X 

Fig. 3. 
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in Fig. 4. This consists of a crank CP 
revolving round a fixed centre C, and a 
connecting-rod PD which couples the end of 


P 



D C 

Fig. 4. 


the crank to the crosshead to whioh the piston 
rod is attached. As the piston reciprooates in 
a straight line, if Ave wish to study its motion 
it will suffice to study the motion of D. Let 
the length of the crank OP he r, that of the 
connecting-rod PD be l, and in the position 
shown let the angle DCP be 0 and GDP be <p. 
Then D is to the left of 0 a distance equal to 
r cos 6 + 1 cos (p. 

Since r sin 6=1 sin </> we may write this 

r cos 6 + 1 - ~ sin 2 6, 

and if r/l be not too large a close approximation 
is 

rcose + l(l-i — sin 2 d'j 
cos 0 ~ 2 J sin 2 9 jj +1 

=r(co 8 « + jj t 00829-1)+!, 
where n = l/r. 

It may be noted that the mid-point of the 
stroke is a distance l to the left of C, and for 
most purposes it is convenient to measure 
from it, omitting the l in this expression. 

This gives the displacement of D. Its 
velocity is, by differentiation, with respect to 
the time, 

cor (sin6 + ~ sin 20^ 

towards the right, where to=d6/dt, the angular 
velocity of the crank. A second differentiation 
gives for the acceleration, if wo assume w to 
be constant, the value 

wV ^cos 0 + i cos 2 d'j. 

,It may be noted that the second harmonic 
becomes more important with eaoh differentia¬ 
tion. This is a general occurrence. 

Where analytical methods are not practic¬ 
able, the following methods are used. 

(iii.) Velocity Images .—Consider two points 
A and B. Let the velocity of A be u, and that 
of B be v. Take an origin o, draw oa to 
represent u in magnitude and direction, and 

VOL. x 


ob to represent v. Then by the triangle of 
velocities, ab represents the velocity of B 
relative to A. If A and B be two unconnected 
points, no restriction is placed on ab, but if 
A and B be two points on a rigid body the 
only possible motion of B relative to A is 
one of rotation round A, and hence ab must be 
perpendicular to AB. oa is the velocity of a 
and ob that of b, and it is easy to see that the 
velocity of a point C on AB is oc where c divides 
ab in the same 
ratio that G 
divides AB. 

The line ab is A 
o onveniently 
called the ve¬ 
locity image of *o 
AB, and the 
image of a point 
D carried by AB but not in the line AB is found 
by constructing a triangle abd similar to ABD, 
od then representing completely the velocity 
of D. 

If now, in any given problem, we know the 
velocity of A we can draw oa, and then we can 
draw a line ab at right angles to AB, on whioh 
b must lie. The direction of the line joining 
o and b is usually given from the knowledge 
of the direction of motion of b, and the inter¬ 
section determines b. ob then gives completely 
the velocity of b. The velocity of b relative 
to a is given by ab, and the angular velocity 
of the rod is evidently ab/AB. As an example, 
consider the direct-acting engine. Referring 
to Fig. (5, where the centre-line diagram is 
repeated from Fig. 4, with tho same notation, 
to determine the velocity of the piston set off 
op at right angles to CP, to represent wCP, 
the velocity of the crankpin on a convenient 
scale, to is, as abovo, the angular velocity of 
tho crank. Draw pd at right angles to PD to 
represent the velocity of D relative to P in 
direction. The actual 



direction to cut pd in j’kj, 

d. od now represents 

the velocity of D and pd that of D relative 
to P, honce the angular velocity of the 
connecting-rod is represented by pd/BD. 
(It is easy to see that if DP bo produced to 
meet tho perpendicular through G in T, tho 
triangles opd and OPT are similar, and hence 
CP/GT =op/od, and sinco op represents wOP, 
od represents wCT, i.a. tho velocity of the 
piston is wCT.) 

As a more complicated case consider Joy’s 
valve gear. Tho centre-line diagram is given 
in Fig. 7. To the oonneoting-rod AB of a 
direct-acting engine a rod GE is attached, E 
being constrained to move round 0 : , by the 
rod OjE. To a point D in CE a rod DG is 

2n 
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attached, a point F on which is constrained to 
move round 0 2 either by a rod O a F or by a 
curved slot in which F must lie. G is attached 
by the rod GV to V, the end of the valve 
spindle. The method of velocity images can 
be applied as follows to find the velocity, of 
v. Set off oa to represent wOA, and determine 
b as above. Divide ab in c in the same ratio 
as C divides AB. Draw ce perpendicular to 
CE for the velocity of E relative to C, and as 
its actual velocity is perpendicular to OiE, 
draw oe perpendicular to 0 X E to meet the 
former line in e. Divide ce in d as OE is 
divided in D. Draw df perpendicular to I)F, 
to meet of, perpendicular to 0 2 F, in f, and 
produce df to g in the same ratio that DF is 
produced to G. Lastly, draw gv perpendicular 
to GV to meet a line through o parallel to 
the direction of motion of V. ov then repre¬ 
sents the velocity of V on the same scale as 
oa does that of A. 

(iv.) Acceleration Images .—An analogous 
method is used to determine accelerations, 



but there is now an important difference. 
If A and B be two points on a rigid body the 
relative acceleration is not in general either 
along or perpendicular to AB, but consists of 
two components, one of w 2 AB along AB and 
one of wAB at right angles to it. These 
may be called the radial and tangential com¬ 
ponents ; in general we can calculate the 
radial component when we have drawn the 
velocity image, and have found w, but all we 
know about the tangential component is its 
direction. 

As an example consider the direct-acting 
engine. To determine the acceleration of D, 
first draw the velocity diagram opd as in 
Fig. 6. Then from a fresh origin set off 
op to represent w 2 CP, the acceleration of P 
in magnitude and direction. The acceleration 
of D relative to P consists of a component 
f2 2 DP from D towards P and fiDP at right 
angles to it, where Q is the angular velocity 
of the connecting-rod. D is known from the 
velocity diagram, being given as prZ/PD, but 
(l is not yet known. Therefore we set off pd x 


parallel to DP and representing on 

the acceleration scale, and then draw a lino 
through d t perpendicular to PD, to re present 
the tangential component 12 DP in direction. 
Since the actual acceleration of l> is along tlui 
fine of strolce, a fine through * parallel to UD 
meetin" dd t in (l determines the point d. I ho 
fine od now gives the acceleration of i) in 
magnitude and direction, and tid v being too 
tangential com¬ 
ponent, represents 
S2DP, and lionco 12 
is found, if re¬ 
quired. 

This method 
of acceleration 
images can bo 
applied to any 
system of link- 
work. It should 
be noted that the 
actual imago is Fid. 8. 

pd, not pd x or dd v 

and that tiro acceleration of any ofliei point 
in PD is given by the fine joining o to the 
corresponding point on pd. _ 

A very neat construction, due to lvleln can 
be readily derived from the above. Produce 
DP to meet the perpendicular from (! in T, 
on D as diameter describe a circle, and with 
P as centre and PT as radius out it in A and 
Z v Join ZZj cutting DC! in K. The required 
acceleration, of 1) is w a 0.K. it can he seen 
readily that OPYK is similar to opdp/, in 
the same way that OPT is similar to opd, 
and since PY.PD = PT a , the proof follows at, 
once. 

§ (4) INSTANTANEOUS GkNTIUSH. -■■A Very 
useful method of analysing the motion l, f a 
mechanism is by the use of indauInmouH 
centres. A body moving in a plane may he 
brought from any one position to any other 
by a rotation round a certain point. For let, 
A and B be two points in the body in one 
position and A'B' the same points in another 
position. ’Bisect AA' 
and BB' by lines at 
right angles meet¬ 
ing in 1. Then 
IA = LA', IB™ IB', 

and the triangles 
IAB, IA/B' a,re 
equal, hence the 
angles AIB and Fja, li, 

A'lB' are equal, and 

hence so are ALA' and-BIB', or the rotat ion 
round I which oarries A to A' also earries 
B to B'. 

If the displacement bo made small so that 
AB and A'B' are consecutive positions, A A' 
and BB' become the directions of motion of 
A and B respectively, and I is called tho 
instantaneous centre, and the motion of AB 
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ia at that instant a rotation round I. The posi¬ 
tion of I is found by erecting perpendiculars to 
the directions of motion of any two points of 
the body, and this is readily done in many 
cases owing to the nature of the constraints, 
e.g. if a point moves along a straight slot, 
I lies on a perpendicular to the slot, and if a 
point is guided in a circle by a link, I lies on 
the centre line of the link, produced if 
necessary. For instance, in the direct-acting 
engine, the instantaneous centre of the 
connecting-rod lies at the point I where the 
centre line of the crank produced cuts a line 
i through the crosshead pin 

perpendicular to the slide 
bar, for P is moving at 
L=s= right angles to the line IPC, 

Pm. 10. C and D at right angles to ID. 

The velocity of D may now 
bo found as follows. If o> be the angular 
velocity of the crank, the velocity of P is 
<oP(J. Hence the angular velocity of the con¬ 
necting-rod about I is wPC/PI and the 
velocity of D is wPC.ID/PL By similar 
triangles this can bo proved equal to co . CT 
as shown above. 

To apply the method to more complicated 
mechanisms we need the proposition that the 
relative instantaneous centres of three bodies 
taken in pairs lie on a straight lino. This is' 
easily proved. Let the bodies bo A, B, and 
T'> <tnd let the instantaneous centre of B 
relative to 0 be I be, and so for the other 
pairs. Then I fi(! is a point on 0 at rest relative 
to B. Since J ab is the instantaneous centre 
of ,B relative to A, I ()0 considered as a point 
on B is moving at right angles to l ah l blt . 

Similarly as a 
point on 0 it 
is moving at 
right angles to 
Tins 

can only hap- 
Fm. i t. P e n if the 

two directions 

coincide, i.e. if I oB , 1 6# , and I, !(t are in the same 
straight line. 

In applying the above theorem to a complicated 
mechanism the notation in improved by omitting the 
Ps and denoting the instantaneous centre of A 
and B by ab. The relative instantaneous centre of 
two members connected by a pin is at the oentre 
of the pin, and if the instantaneous centre of ono of 
them is already known a line can be drawn through 
it and the centre of tho pin and this lino must 0011- 
tain tiro instantaneous centre of the other." A 
second pin joint on the member under discussion 
gives another lino, and the centre required lies at 
the intersection of these two lines. 

Ah an example consider Joy’s valve gear. Denote 
the links by ABCDISFG as shown and tire frame 
by 0 . Then the instantaneous centres oa, ab, be, ed, 
do, ce, ef, of, eg can bo labolled at once aB they are 
pin joints, ob is then found by produoing oa, ab to 



meet the vertical through the crosshead pin as in 
the last example. Since ob and he are known, oc 
must be on the line joiuing them, and it must also 
bo on the lino joining do and *. This locates 00 . 
(Note the cyoho order ob, be, co, and od, do, co.) 

“ ow ,P roceed to find oe using the lines oc, ce and 
oj, ef. Since one end of G is moving round oe and 
the other is moving along 
the line of stroke of the 
valve, og is found at the 
intersection of oe, eg with 
the vertical through the 
other end of G. The 
velocity of the 
valve is then 
found from the 
angular velocity 
of the 
crank 
by fol¬ 
lowing 
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the motion 
through the 
mechanism from 
centre to centre, 
multiplying the 


angular velocity by the distance of a point from 
ono instantaneous centre to get its linear velocity, 
and dividing by the distance from the next to get the 
angular velocity round it, and so on. 

This method is in many cases preferable to the 
method of velocity images, as it can be applied 
directly to tho centre-line diagram of the mechanism, 
and does not involve tho drawing of a second diagram 
and tho use of the parallel ruler. 


There is an analogous method for determin¬ 
ing accelerations, by using the properties of 
the centre of no acceleration. To find the 
latter we draw lines making an angle ji whoso 
tangent is u>/w a with the directions of the 
accelerations of two points on the body, to 
meet in J, the acceleration of any point P 
being then w 2 PJ along the line PJ and <nPJ 
at right angles to it. The actual constructions 
to find J clepend on the data, and in general 
tho method of acceleration images is more 
useful and simpler. 

§ (5) Cams. —When a member of a mechan¬ 
ism is required to have a motion that cannot 
conveniently be given by means of a linkwork, 
recourse is had to a cam. A cam is a revolving 
member having sliding contact with a sliding 
or rocking member called the follower, the 
former being so shaped as to give the required 
motion to the latter. Cams may be divided 
into two classes usually known as edge cams 
and face cams. The former, as the name 
implies, consists of a flat disc, the follower 
bearing against the edge, whilst the latter 
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consists in principle of a disc, one side of which 
is a formed* track against which the follower 
bears. A cylinder with a groove on its curved 
surface, in which runs a roller carried by the 
follower, is evidently equivalent to a face 
cam. Face cams are easily designed, as the de¬ 
velopment of the cylinder track must evidently 
be the displacement-time curve required for 
the follower. 

Edge cams may be divided into two types, 
called point cams and tangent cams; in the 
former the motion is imparted to a point on 
the follower, and in the latter an edge of the 
follower is always tangential to the cam. 
In point cams the point may he constrained 
to lie on a line through the centre of the cam, 
on a line passing to one side of the centre, 
or in an arc of a circle about a point on which 
the follower is pivoted. In a tangent cam the 
follower may be constrained to move parallel 
to itself or to swing about a centre. 

In all cases the simplest way to set out an 
edge cam is to imagine the cam at rest and the 
remainder of the machine revolving round it; 
the required form of the cam is then found as 
the locus of the points on the follower in a 
point cam, or as the envelope of the success¬ 
ive positions of the edge in a tangent cam. 
Usually in a point cam a roller is used to 
reduce friction and wear, and in that case the. 
cam as actually made is the envelope of a 
series of circles whose centres lie on the cam 
as designed above to give the required motion 
to the centre of the roller, and whose radius is 
that of the roller. 

§ (6) Valve Gears. — These, and the 
methods used in studying them, form an 
important branch of the subject, but are not 
dealt with in this article. 

§ (7) Crank Effort Diagrams. —Although 
involving the idea of force, and hence not 
strictly belonging to kinematics, mention 
must be made of the subject of crank effort 
diagrams. In studying the action of a steam 
engine it is useful to plot on a crank angle base 
the effort exerted by the engine in turning its 
shaft. The method may be reversed and 
used to study the turning moment needed to 
drive a machine. 

By the principle of virtual work, if u be the 
velocity of the crankpin and v that of the 
piston, P the net thrust on the piston, and T 
the force on the crankpin in the direction of 
its motion, then P«=Tu, i.a. T = Pw/tt. The 
plotting of a crank effort diagram involves, 
therefore, the determination of P and the 
determination u/v. 

The latter is done by means of the velocity 
image, by instantaneous centres, or by any 
other method suitable to the mechanism under 
consideration. In the direct-acting engine it has 
been proved that u/v = CT/CP, hence we have 
T. CP = P. CT, and since T. CP is the moment 


of the force at tho crankpin about the crank, 
all we have to do is to plot the product P. C.L 
which is equal to it. P is determined from 
the indicator diagrams, being tin- difference 
between the pressures on tho two sides of tho 
piston, multiplied by tho area of tho piston, 
and corrected for inertia. It is usual to plot j 
not the total P, but tlio value of P per sq. in. 
of piston; the same diagram then serves for 
engines of different sizes, provided they have 
the same steam distribution. To correct for 
inertia we require to deduct VVj/Ag lbs. per 
sq. in. from tho difference of pressure shown 
by the indicator, where W “-weight of recipro¬ 
cating parts, A = area of piston, f acceleration l 
of piston. The last must he found for a suffi. 
cient number of points on the stroke, and 
this may bo done by Klein’s construction.. 

It is more usual, because simpler, to lists 
tho formula /=w a r(cos 0+ l/n aim 20) proved 
above, and to select the points where. 

0 = 0°, 45°, 90°, 135°, 180°, when the expres¬ 
sion in the bracket becomes 1-|-1/», l/\/2, i 
- l/n, - l/is/2, --(I — l/n) respectively, values 
which are easily calculated,. and which give 
a sufficient number of points to enable a 
smooth curve to bo drawn. A diagram of 
net pressure being first constructed by measur¬ 
ing from the top of one indicator diagram 
to the bottom of tho other, tho inertia j 
curve is drawn across it, and the cor¬ 
rected pressure scaled off and multiplied by 
the corresponding value of OT; the product 
is then plotted on a crank angle base. 

The ohief use of srie/h diagrams, showing 
the variation of effort during a revolution, is 
to enable us to study the resulting fluctuation 
in speed, and to serve as a basis for the design \ 
of flywheels. 

In a similar manner diagrams may be drawn j 
showing the effort needed to drive, say, a 
shaping machine, given the portion of the 
cutting stroke for which the tool is in con- j 
taot with tho work, and the cutting pressure. 

We can also find the Uuetuatiun of effort | 
needed to drive an air compressor or hydraulic ’ 
pump. 

§ (8) Toothed Wheels. ..An important 

branch of- tho subject is the discussion of 
toothed wheols, both as regards the angular 
velocity transmitted by a train of wheels and j 
as regards tho correct form of curve for Urn 
teeth. I 

The determination of the ratio of tho vein- : 
oitios of the first and last wheels in. a train 
is usually a simple matter. If two wheels \ 
have % and » 2 teeth respectively and make ; 
R t and R a revolutions respectively, then I 
evidently In a simple train of 

wheels where each one gears into the ; 
preceding one and drives the next one hi ; 
the train directly, the 'numbers of teeth in j 
the intermediate wheels evidently cancel, out, j 
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and the _ velocity ratio transmitted depends 
only on the number of teeth in the first and 
last. The intermediate wheels are often 
called idle or transposing wheels. It should 
be noted that if there is an even number of 
wheels the last one revolves in the opposite 
direction to the first, and if an odd number, in 
the same direction. 

In a compound train there are one or more 
shafts, each carrying two wheels; motion is 
imparted to the shaft through one of the 
wheels and is taken off by the other. For 
such trains wo have the simple rule : Velocity 
ratio = product of numbers of teeth in drivers 
divided by product of numbers of teeth in 
driven wheels. Worm wheels may be included 
in this rule if we regard a single - threaded 
worm as having one tooth, a double-threaded 
one two teeth, and so on. 

In epieyclic trains, wheels, known as planet 
wheels, gear with a central wheel called the 
sun wheel, whilst their contres are constrained 
to move in a circle round it. Such trains are 
easily dealt with by first considering the 
planet wheels to have their centres fixed, 
assigning a velocity of rotation to one wheel 
of the train, and tabulating the velocities of 
the others, paying attention to sign, and then 
superimposing on the whole system such a 
rotation as will reduce to rest the wheel that 
actually is at rest. The velocity ratio of any 
two wheels can then be written down by inspect¬ 
ing the table thus modified. Such trains are 
largely used where a big reduction in speed is 
needed, and also in change speed gears for 
cycles and motors. 

As regards the number and proportions of 
the teeth, lot 0, O' be the centres of two wheels 
which are to gear together. Divide 00' in 
P, so OP/OT is the velocity ratio to be trans¬ 
mitted. I? is usually called the pitch point, 
and it is evident that two rough circles of 
radii OP and OP' will transmit the required 
velocity ratio. The actual wheels may be 
considered as derived from these circles by 
providing them with tooth. The distance 
from the point whore one tooth outs the 
circle to the point where the next one cuts it, 
moasurod along the pitch circle, is called the 
oiroular pitch, and must evidently be an 
exact submultiple of both circumferences. 
If the circular pitch ho expressible in inches 
and fractions, the radii cannot be, since the 
radius of a wheel of n teeth is np/2r, and con¬ 
versely if the radii are expressible in inches 
and fractions, p, the circular pitch, will be 
incommensurable. The latter system is the 
most convenient in practice, and instead of 
working in terms of circular pitch it is more 
tiBtial to work in terms of p/tr, which is evidently 
equal to the diameter divided by the number 
of teeth. It would be convenient to call this 
tho diametral pitch, by analogy, but as it is 


usually expressed as a fraction with unity as 
numerator, the custom has arisen of naming 
only tile denominator and calling that the 
diametral pitch. The diameter of the pitch 
circie is then found by dividing the number 
of teeth by the diametral pitch thus defined, 
and as it is usual to make the height of the 
j 0 , . 1 above the P^eh circle (called the 
addendum) equal to p/v, the over-all diameter 
of the blank before cutting is found by adding 
2 to the number of teeth and dividing by the 
diametral pitch. For example, a wheel of 
24 teeth, and diametral pitch 4, would 
have a pitch circle diameter of 6 in. 
(24/4), an over-all diameter of 61 in. 
(24 + 2)/4, the teeth would stand J in. above 
the pitch circle and would be cut slightly 
more below it, and the circular pitch p would 
be tt/ 4 in. 


. regards the form of the teeth, the essen¬ 
tial condition is that the teeth, which move 
over one another with a combined rolling 
and sliding action, should transmit a constant 
velocity ratio. If this condition is not fulfilled 
there will he vibration and noise accompanied 
by loss of power. This condition makes it 
necessary that the common normal to the two 



Fig. 13. 


teeth at their point of contact should pass 
through the pitch point in all positions of the 
wheels. This may he proved as follows. 
Imagine the left-hand wheel at rest and the 
right-hand wheel rolling on it. P is evidently the 
instantaneous centre, and hence Q considered 
as a point on the right-hand wheel is moving 
at right angles to PQ. If the teeth are neither 
to penetrate one another nor to separate, 
this involves the common tangent at Q being 
perpendicular to PQ. (It is evident that the 
velocity of rubbing is (w x + u 2 )PQ, -where the 
w’s are the angular velocities, and this only 
vanishes when the teeth are in contact 
at P.) 

It is evident that if the form of the teeth for 
one wheel is given, that for the other can be 
determined by imagining one wheel to roll 
on the other and to force the material of which 
it is made into the required shape. This can 
also he done on the drawing-board, by rolling 
a piece of tracing-paper with a circle to 
represent one pitch circle on the pitch circle 
of the other drawn on the paper below, and 
tracing through the teeth in the successive 
positions. The required form for the teeth 
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of the upper wheel is found as the envelope 
of the teeth so traced. 

In general, however, wheels are manufac¬ 
tured to standard forms, in series, such that 
any one of a series of wheels of given pitch 
will run with any other. For this purpose 
suitable forms must be chosen. Two systems 
are usually described in text - books, in¬ 
volute teeth and cycloidal teeth. The 
former are almost exclusively used now, 
the disadvantages formerly attributed to 
them being much less serious than their 
positive advantages. 

Imagine that the two wheels carry circles 
called base circles whose radii are slightly less 
than those of the pitch circles, the ratio being 
the same for both wheels. Imagine an in- 
extensible string attached to these circles, and 
crossing between them; then as the Avheels 
revolve the string is unwound from one base 
circle and wound up on the other, keeping 
taut in virtue of the ratio of the radii. Detach 
the cord from one base circle and, keeping it 
taut, unwrap it from the other. A tracing 
point on it will describe a curve known as the 
involute of the base circle. Reattach the cord 
to the other base circle and describe an in¬ 
volute relative to it, using the same tracing 
point. Now attach the cord to both base 
circles; the two curves must meet at the 
tracing point which described them, and must 
touch, since the cord is normal to both. As 
the wheels revolve, and the tracing point passes 
across from one base circle to the other, the 
involutes remain in contact, and hence are 
possible forms for wheel teeth. It is easily 
seen by similar triangles that the cord passes 
through the pitch point, and as it is the 
common normal the condition for uniform 
velocity ratio is fulfilled. 

The other form of teeth consists of two parts, 
the part outside the pitch circle (the face) 
being an epicycloid formed by rolling a small 
circle on it, and the part inside (the flank) 
being a hypocloid formed by rolling a small 
circle within it. For two wheels to run to¬ 


gether tlio face of one and Hank of the other 
must be generated by rolling circles of the 
same diameter, and so must the flank of tin- 
former and face of the latter. Ah far ns cute 
pair of wheels is concerned these two rolling 
circles may be of different diameters, but if 
the wheels are to form n series any pair from 
which will run together, all the rolling circles 
must have the same diameter. A proof that 
such teeth fulfil the necessary conditions is 
given in Dunkerley’s Mechanmn. 

Involute teeth'have two very important 
advantages. Firstly, if the centre distunon 
be varied slightly they still gear together 
correctly, as long as they are sufficiently far 
in mesh to run at all, an can be noon by con¬ 
sidering the cord and invi flutes described above. 
This is not true for cycloidal teeth. Secondly, 
the rack which gears with, an involute wheel 
has straight-sided teeth, and by means of I hi.; 
property involute tooth can In; generated from 
a cutter with a straight edge, and not merely 
copied from a formed cutter or former. Honan 
the accuracy of cutting is more to be relied 
upon. 
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LATENT HEAT 

I. Latent Heat of Vaporisation 

§ (I) Experiences of Regnault and 

Dieterici. — The determination of the heat 


of vaporisation of a liquid does not present 
much difficulty if only approximate values 
are desired. But, when an. accuracy greater 
than 1 per Cent is aimed at, great precau¬ 
tions must bo taken to minimise the errors 
due to the vapour carrying over small particles 
of liquid. 

Since the thermal constants of water lmve 
been studied more exhaustively than those of 
any other substance the methods employed 
for the determination of the latent heat of 
steam will be considered as illustrating the 
procedure in suoh expierimeuts. 
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(i.) Regnautt caino to the conclusion that 
the beat method of reducing errors due to 
the condensation of vapour and heat loss 
from the pipes, etc., was to work on a large 
scale. 

His- method of experiment was to condense 
steam under saturation pressure in a calori¬ 
meter of about 100 litres capacity and observe 
the temperature rise of the water in the calori¬ 
meter. The quantity of condensed water was 
of the order of 10 litres. The initial tempera¬ 
ture of the steam varied from 107° to 187° C., 
and tho flow into tho calorimeter was con¬ 
trolled by a throttle valve. It might be 
remarked that tho expansion of tho high- 
pressure steam down to atmospheric pressure 
in passing through tho valve does not alter 
the total heat of tho steam, provided there is 
no external loss of heat and no change of 
kinetic energy. If kinetic energy is generated 
at tho valve it is reconverted into heat in the 
calorimeter. 

Regnault’s apparatus is now of historical 
interest only, and a detailed description of it 
will be found in Preston’s Theory of Beat (3rd 
ed.), p. 3(17. 

Tho results obtained by Rognault appear to be 
fairly reliable over the range from 100° C. to 200° Cl., 
lmt below 100° (I arc vitiated by several sources of 
error, and in recent years Regnault’s values have 
boon superseded by data obtained under more 
favourable conditions of experiment. 

In Regnault’s time there was no information 
available concerning (ho variation of tho specific 
bent of water with temperature, nor was lie aware 
of the temporary changes of zero of mercury 
thermometers. 


Taolu I 

Risona tilt's Values 


Number of 
llxpei-Imonts. 

Temperature. 

Latent J-Ieat 
(Calorie at 15“ 
approximately). 

3 

120-3 

521-7 

4 

120-8 

517-0 

11 

135-0 

fill-9 

13 

145-2 

(504-9 

10 

155-5 

495-7 

5 

102-4 

. 491-5 

14 

175-2 

482-3 

9 

185 (i 

478-1 

4 

19441 

471-0 


Another sou roe of error in Regnault’s apparatus 
was the uncertainty concerning tho heat conducted 
into tho oftlorimotor along the pipe conveying the 
steam. Rognault obtained his correction by observ¬ 
ing tho rate of rise of an exactly similar calorimeter, 
with similar commotions, into which no steam was 
passed. But tho temperature gradient along tho 
pipe wliiah determines the heat flow depends upon 
tho rate of flow of the steam, for this neoessarily 


alters the temperature gradient along the pine He 
consequently overestimated the correction and ob¬ 
tained latent heat values which were too low. 


(ii.) Dieter id 1 measured the latent heat at 
0 by means of a Bunsen iee-calorimeter. 
The water was contained in the inner tube of 
tbe ice-ealonmeter and the weight of mercury 
extruded observed on evaporation of the 
water. 


, observations were very concordant, and 
the differences from the mean were less than 
1 part in 600. 

.At first he assumed the value 15-44 
milligrams of mercury per mean calorie 
for the constant of the ice-calorimeter, which 
was the mean of the results of previous ob¬ 
servers. 

This gave the value 596-80 mean calories 
for the value of L at 0°. 

Subsequent experiments of Dieterici 2 in 
which water enclosed in a quartz bulb heated 
to 100° was dropped into the calorimeter gave 
the value 15 50 for the constant of the 
calorimeter. 

On this basis the value of L at 0° would be 
594-83 mean calories. 

§ (2) Griffiths’ Experiments.— The value 
of the latent heat of evaporation of water 
at the temperatures of 30° and 40° C. was 
determined by E. H. Griffiths, 4 whose apparatus 
is shown in Fig. 1. 

A known weight of water was put in a glass 
bulb B with a narrow jet, and this was placed 
in a small silver flask E to which was attached 
a coil of silver tube T 18 ft. long. Between 
the flask and the coil of tube was a spiral 
of platinum-silver wire which, heated by an 
electric current, supplied the heat necessary 
to vaporise the water. The flask, tube, and 
wire were all enclosed in the calorimeter, 
which was filled with aniline in the earlier 
experiments, hut later with a special petroleum 
oil which was non-volatile and a good insulator. 
The calorimeter, being surrounded by a 
vacuum and a mercury thermostat jacket, was 
kept at a constant temperature, never varying 
as much as 0-01° C. The end of the silver 
tube passed outside the apparatus and was 
connected with an air-pump. On working the 
pump the water was made to issue drop by 
drop from the bulb under its own vapour 
pressure so that the rate of evaporation could 
be kept quite regular. Thus the vapour 
formed in the flask had to pass up the whole 
length of the silver spiral tube and issued at 
the temperature of the calorimeter and free 
from water mechanically carried over. Special 


1 Wind. Ann., 1889, xxxvii. 506. 

2 Ann. Phys., 1905, xvi. 593. 

8 This was confirmed by the writer using an electri¬ 
cal method (see § (1) of “ Calorimetry, Methods based 
on the Change of State ”). 

1 Phil. Trans. A, 1895, p. 261. 



552 


LATENT HEAT 


attention was given to the efficient stirring 
of the oil in the calorimeter. 

The equation for determining the latent 
heat of evaporisation may he put in the 
following form: 

ML = Q e t e + QJ, + Sg, 

M being the mass of water evaporated, Q 0 
the heat per second supplied by the electric 
current, Q s the heat generated by the stirrer, 
% and t s the times during which heat was 
supplied by these two 
p sources respectively 

{t D and t 9 being practi¬ 



ce advantages of this method over most 
of the others that have been made use of is 
that it is practically independent of errors in 
thermometry and is not affected by changes 
in the specific beat of water. 

The temperature being stationary, the beat 
capacity of the calorimeter or of its contents 
does not enter into consideration, and the 
radiation correction is small and determinate. 

Griffiths noticed that his two results at 30° and 
40 C._lay very nearly on a straight lino joining 
Dietenci 8 value at 0° 0. (uncorrected value of 
1889) and Regnault’s value at 100° C., which fact 
seemed to indicate that Dieterici’a oalorie and 
Regnault’s calorie were both equal to the 
calorie at 15° 0. 

To test this assumption Griffiths per¬ 
suaded Joly to mako 
a determination of 
, the relation between 
| the latent heat of 
condensation at 
100° C., and the 
mean specific heat 
of water from 12° 
to 100° C. by means 
of the Joly steam- 
calorimeter. 

This ho did; and 
assuming the calorie 
at 15° equal to the 
mean calorie be¬ 
tween 12° and 100°, 
obtained the value 
539‘3 for the latent 
heat instead of 536*7 
as given by Re- 
gnnult. Hence either 
the mean thermal 
until between 12° 


Pig. 1. 

cally equal), and 2<jr, the total heat received 
owing to other causes such as radiation and 
conduction. 

Although Q e was necessarily measured in 
electric units, it was reduced to thermal units 
by employing the value of J determined by 
means of the same method of electric meas¬ 
urement and the same electrical standards. 
Thus any errors due to uncertainty in the 
values of the electric units were eliminated. 
The greatest uncertainty was in the estimation 
of Q g , but this constituted only about 1 per 
cent of the rate of heat supply. The follow¬ 
ing are the values of L obtained : 



Table II 

Temperatura by 
Nitrogen 
Thermometer. 

Latent Kent 
(15° 0. Unit). 

Latent Heat 
(20° C, Unit). 

40-15° 0. 

572-60 

573-51 

30-00° C. 

578-70 

579-25 


and 100° O. was 
much smaller than 
the oalorie at 15° 
or Regnault’s value was in error. 

The result of Callendar and Barnes’ experiments 2 
on the variation of the specifio heat of water, seven 
years later, proved that, the calorie at 15° was very 
nearly equal 3 to the mean oalorie. Regnault’s value 
tor the latent heat is now known to bo too low. 
JJieteriei’s later experiments on the constant of the 
ice-calorimeter proved that Mb value for the latent 
heat at 0 was too high. So the relation between 
Y™o • heat and temperature over the range 0° to 
n rl 0t a . linear one * Griffiths’ values at 30° 
ana 40 C. are in close agreement with the theoretical 


§ (3) Henning's Experiments. Henning 
adopted the same method as Griffiths in 
measuring the latent heat of steam. He used 
the apparatus shown in Fig. 2. The cylin¬ 
drical evaporation vessel 0 was made of 
copper, of about 1 litre capacity. The seams 
of the vessel were soldered up and a screw 


t T«ms. A 1902,' exeix. 55-148. 
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stopper G used for dosing the vessel. The 
cylinder contained a heating coil D and a 
pla mum resistance thermometer E, which were 
both kul through the cover and wore electric¬ 
ally insulated and steam-proof. The iacket A 
surrounding cvnporatiou vessel 
about 1.1 hties of colza oil and was kept by 
electrical heating at about the boiling-point 
of water. J his vapour - jacket, originally 
devised by Kamsay and Miss Marshall, not 
only kept constant the heat loss of the 
inner vessel, but also protected the steam 



from condemning on the way to the con¬ 
denser. 

The steam developed in (J was led throng],, 
an elbow-joint J into a copper tube II, 

■which was hard-soldered into tlio bottom Of 
the vessel 0; the umbrella-like roof M diverted 
the drops of water from the otul of the steam 
pipe. The three-way tap E opened to either 
condenser, according as the handle E of the 
tap was turned to the right or left. By this 
moans the irregularities which occurred at the 
beginning md end of the boiling period 
were eliminated. These irregularities ap¬ 
peared in the temperature measurement and 
wore due to the- fact that at the com¬ 
mencement of boiling the temperature in the 
water was not completely equalised by the 
rising, steam bubbles, and also because the 
escaping steam raised somewhat the press¬ 
ure, and at the same time the boiling-point 
of the water. At the end. of the experiment 


the^ mverse effect took place for the same 

heating cLtmTvas steldy and th^ 
evolved regularly, then tL + o Steam vra * 
and the steam led throuirW? 1 was tumed 
for a certain time! aSttaidT ^ 
cooling apparatus, while the U , 1Vlde 
dissipated in the heating current^ ncal . ener «y 
at the same time At f 4 ? as observed 

t-. P r »ga b n ^d ti:t: isr ™ 

and the heating current interrupted P ^ 

Henning measured the latent w * . 

at six different temperature!^ of steam 
and 100° C. He kent tm i bet "’ een 30 
stant during the measureme^by^tS^S 1 ’ 

ooTdeZf P W whief Wat6r b ° iled 

.'ssSfSSisSS 

e-sA*:* 

mixture of alcohol and CO, were emnln^rl 
Dyeng-tubes filled with calcium chloride and 

altei'ino- +1 S * atmos Phenc pressure. By 
be iixi m 6 PI !f Ure 1 tbe boain g-Point could 

turn kil? Tir eS11 ' ed P0int and tlle fempera- 
tmo kept at the required value by the use of 
a small pump. J 

Of the C80 gm. of water with which the 

„ t ir e - ap0ratl0 T n COuld be raised t0 

oU gm. in 15 minutes. It was found that at 
w emperatures the accuracy of the measure¬ 
ments was not so great, on account of the lame 
speeih c volume of the vapour; the steam had 
to bo evaporated slowly to ensure that no 
water was withdrawn. 

In order to determine the heat loss or 
gam from the surroundings, Henning made 
experiments with different rates of energy 
supply. 

J.he weight of the condensed steam was 
determined by weighing the condenser: the 
small amount of water remaining in the steam 
pipe K (about 10 mgm.) being absorbed by a 
small piece of weighted filter-paper. Finally, 
account had to be taken of the fact that at the 
end of an experiment more steam was in the 
vessel than at the beginning, because in the 
interval the volume of water had decreased. 
Ibis small correction amounted at 100° to 
+ 0-00 per cent and at 30° to +0-003 per 
cent. 

Ho obtained values at six points between 
30° and 100° C. 

The final result is given by the formula 

L=53S-86+ 0-5994(100 - 1 ) 

for the latent heat of water between 30° and 

100 °. 

These results are expressed in. terms of the 
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calorie at 15°, which, he takes as equivalent 
to 4-188 joules. 

§ (4) Smith’s Experiments. — A. W. Smith 
employed a current of air for the evaporation 
of the water. 

The calorimeter is shown in Fig. 3, and con¬ 
sists of a large test-tube E, closed at the top 
by a cork. Two glass tubes for the air current 
passed through this cork, one extending to 
the bottom of the test-tube, the other just 
projecting through the cork. A third tube 
closed at the bottom, and not shown in the 
figure, contained the heating coil. This was a 
single heater from a Nernst lamp provided 
with current and potential leads. The coil 
was immersed in paraffin oil so as to transmit 
the heat to the surrounding water. 

This test-tube cal¬ 
orimeter stood within 
a double - walled 
vacuum vessel D, the 
whole being well sur¬ 
rounded with light 
cotton-wool and held 
in a cardboard box, 
which in turn was sup¬ 
ported in the middle 
of the constant tem¬ 
perature bath E. The 
remaining space 
around the sides, the 
top, and the bottom 
of the chamber was 
also lightly filled with cotton-wool to prevent 
convection currents. 

The calorimeter was packed and set in 
position at least one day before an experiment 
could be performed, so as to obtain constant 
temperature conditions. The water evaporated 
was collected in a weighed pair of tubes 
containing sulphuric acid. These were changed 
every two hours and the increase of weight 
observed. 

Table III 

A. W. Smith’s Values 


Number of 
Experiments. 

Temperature. 

Latent Heat. 

4 

13-95 

588-6 

12 

21-17 

584-7 

4 

28-06 

580-9 

2 

39-80 

573-9 


(Results expressed in mean calories on 
assumption that E.M.E. of Clark cell is 1-434 
international volts at 15° C. and J=4-1836 
joules.) 

Later Smith 1 made some observations at 
100° C. employing a very slow rate of evapora¬ 
tion, and found the latent heat to be appreci¬ 
ably higher than when the boiling was rapid. 

1 Pkys. Rev., 1911, xxxiii. 181. 



These he explained on the assumption that' tin* 
steam carried over minute quantities oi water. 

The value for the latent heat under these 
conditions was 540-70 mean calories fit. a 
temperature of 100° C. 

§ (5) Comparison o'f Data koh Steam.-. 

Callendar 2 has analysed the data obtained 
by various observers for the latent, heat, of 
steam and conveniently expi'OHHcd them in 
terms of the total heat of steam. II. This is 
defined as the quantity of heat required (1) 
to raise unit mass of water from 0" to the 
temperature t of the boiler, anti (-) t" evaporate 
it at that temperature, the whole operation 
being performed under n constant pressure •/» 
equal to the saturation pressure* at the tempera¬ 
ture of the boiler. The heat required for this 
second operation is of courso the latent heat 
of evaporation at saturation pressure and 
temperature. 

Regnault had previously expressed his 
results between 0° and 200° O. by the simple 
linear formula 

Total heat H = 006-0-1- 0-305/, 

and this was accepted for the next fifty years 
without question. 

It is now known that tin* relationship 
between total heat and tom pern lure is not 
a linear one, and the results of later investiga¬ 
tors have been collected together by Cullenrinr, 
who has compared them with two formulae/ 1 
The curves computed from the formulae are 
shown by solid and dotted lines in Fig. 4. 


S3-i 


— 





lieniiln, 

uT 

r’-S'www, 

■ti ntii 

‘I 1 

o 

0 

Reg net 

Hit’s Ft 

nnula 



0 

C 


$0 C 

O 

1 o 

~~™l 

41 u 

Jueutm 
ty Cull 

o 0 

fttlmt/i 

ittlur 

tml 

0 

'%f0r 

OriJ 

ffitiiJ 

f lilt a 

Oh 

" v 'Die 

torioi \righux 
terlal cprrectt 

i =■ = 

III- 





0 75 100 ins 150 

Temperature Centigrade 

kid. 4. 


Since the object is to bring out the 
differences from Regnault’s formula this is 
represented by the horizontal straight, line 
marked “Regnault.” Observations giving 
a lower result than Regnault/s formula lie 
below the line, those giving higher results 
above, and the differences are plotted in mean 
calories. 


. Regnault’s observations are shown by plain 

i9nno The plain oirclG 8 ivil| g t he value 
,i*7 at 100 represented the mean of thirty- 
eight experiments, and the corresponding value 
of the latent heat is 536-2 calories, if Rogruuult’a 

1 Properties of Steam (Arnold), J.920. 

8 See § (6). 
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formula is adopted for the total heat of the 
liquid. .It might ho remarked that Regnault 
was well aware that this result was probably 
too low on account of the presence of water 
in the steam, and his formula actually gives a 
value 0-3 calorie higher. 

The experimental points plotted between 
05° and 85° C. represented the results of twenty- 
two experiments in four groups, some of which 
nearly roach the line, while others lie 5 or 
<> calories below. The mean of all shows 
a defect from tho formula of 2*5 calories, or 
0-4 per cent, of tho total heat at 75° 0. 

Combining tho moan of these with tho 
observations at 100° C. we should obtain a 
rate of increase of 0-40 in place of 0-30 for the 
total heat between 75° and 100° 0., as remarked 
by Griffiths. 

In experiments above 100° C. errors due to 
loakage vitiate Rognault’s observations. For 
ho states that tho effects of leakage became 
very troublesome when the pressure was 10 
atmospheres, and tho joints had to bo renewed' 
daily. This is the probable explanation of 
the low point between 100° and 175", and 
Regnault attached no weight to these points in 
selecting his formula. 

Regnault’s values between - 2° and 1(1° 0. 
are given in three groups in the neighbourhood 
of . 8° 0. His method of experiment was 
different, and discrepancies of tho order of 
10 calories were found between successive 
experiments. 

Dieterici’s two values at 0° 0. differ on 
account of tho change in tho value of tho 
Bunsen calorimeter constant. The old value 
shown thus (0) was on the assumption of tho 
icm-calorimeter constant being 15-44. milligrams 
of mercury per mean calorie. His direct 
determination of this constant made it 15-50, 
and the corrected value of the latent heat falls 
very nearly on tho theoretical curve at 0° 0. 

Griffiths’ values ("•)) are in very satisfactory 
agreement with 'the theoretical curve. 

.Henning’s values (0) are in good agreement 
with the theoretical curve below 100", although 
tho two points at 30" and 49" are appreciably 
higher while that at 100° is slightly lower. 

Henning’s live points between 100° 0. and 
180° 0. are connected by tho wavy line marked 
“ Henning’s Table.” 

This curve was deduced by a graphic 
process of smoothing, and according to 
(Jallondar does not represent the actual 
observations satisfactorily. It is obviously 
inadmissible for theoretical purposes, as it 
involves a discontinuity in the curve at 
100“ 0. Throe of the five observations are 
in very fair agreement with. Callendar’s 
theoretical curve, but tho other two are 
lower by about 0-5 per cent, which is less than 
the probable error of experiment. 

A. ,W. Smith’s values (@) are systematically I 


higher than both Griffiths’ and Henning’s 
His point at 100° C. was obtained by slow 
evaporation, and is nearly 1 calorie higher 
than Joly’s value. 

.He expressed his result in joules per gram, 
assuming the E.M.F. of the Weston cell to 
be 1-01888 at 20° C. Callendar has reduced 
bmith s values to the mean calorie by taking 
the E.M.F. of the Weston cell to be 1-0183 
volts and tho mean calorie to be 4-187 
joules. 

§ (6) Formulae icon Variation or Latent 
Heat off Steam with Temperature.— Many 
empirical formulae have been proposed for 
tho representation of the variation of latent 
heat of steam with temperature, and of these 
the most satisfactory appears to he that o£ 
Thieson. * 

This expression is based on the accepted 
view that the latent heat must vanish at the 
critical temperature (y. So that L=Lj(f 0 - t)h 
whore L x is a constant representing the value 
of L when t 0 ~t = l. 

The index varies slightly for different 
substances. 

Henning found that he could represent his 
results for water below 100° 0. by a formula 
el: this typo, but assumed a critical temperature 
9° 0. too low. 

Jakob and Davis, in reducing specific heat 
results above 100° 0., employed the same 
form. 

Callendar has recomputed these formulae, 
using the experimentally determined value of 
the critical point, viz. 374° C., and keeping 
the same index and the value of L at 100° 0. 
given by the original formulae. Taking the 
logarithmic form for convenience, Henning 
formula reduces to 

L«g L = 1-06955+0-31248 log (374 •- f). 

.Davis and Jakob formula becomes 

Log L “1-00303 + 0-3150 log (374 - 1), 
assuming L=530-3 at 100° 0. 

Callendar, basing tho constants of tho 
formulae on tho observations of Dietorici and 
.July for the latent heat at 0° and. 100° 0. 
respectively, obtains tho following result: 

Log L = 1-07145-I-0-31192 log (374-/;). 

He, however, prefers for use in computa¬ 
tions dealing with dry saturated steam the 
theoretical formula for tho total boat H 

H sa 0-4-772T - SOp -I- 464, 

where S is the specific heat at saturation 
pressure p, T the absolute temperature, and 
0 tho Joule Thomson cooling effect, i.e. the 
ratio of tho fall of temperature to the fall of 
pressure in a throttling process at constant 
total heat. 
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A comparison of the data obtained by 
computation from the formulae is given in 
Table IV. 

Table IV 


Values of L 


Temp. 

Callei 

Theoretical 

Formula. 

idar. 

Thiesen 

Type. 

Henning. 

Davis 

and 

Jakob. 

0° 

594-3 

594-3 

593-7 

594-8 

20 

583-8 

584-2 

583-6 

584-6 

40 

573-2 

573-7 

573-1 

574-0 

60 

562-3 

562-7 

562-2 

562-9 

80 

551-1 

551-3 

550-7 

551-4 

100 

539-3 

539-3 

538-7 

539-3 

120 

526-9 

526-7 

526-1 

526-6 

140 

513-6 

513-4 

512-8 

513-2 

160 

499-3 

499-3 

498-7 

498-9 

180 

483-9 

484-2 

483-6 

483-7 

200 

467-4 

468-1 

467-4 

467-4 


In Fig. 4 the full line represents the form of the 
theoretical formula, while the dotted line is the 
Thiesen type. The latter agrees with the theoretical 
form within 1 in 1000, intersecting at 160° and again 
at 260° C. 

Davis and Jakob formula agrees with Calendar's 
within less than 1 in 1000 from 100° to 200°, and 
within 1 in 5000 from 200° to 230°, and the difference 
is still very small at 250° C. 

Calendar's formula for the total heat, which 
applies to dry steam in any state, superheated or 
supersaturated, has been extrapolated by him to 
259° C., although the direct experimental evidence 
does not extend beyond 180° C. 

It is reasonable, however, to suppose that the 
extrapolated values are sufficiently accurate for 
practical purposes at higher temperatures, because 
the calculated values of the saturation pressure (which 
depend on small differences and afford a very severe 
•test of the theory) also agree with observations to 
within less than 1° C. at 250° C. 

§ (7) Heat of Vaporisation of Ammonia. 
—Ow ing to the extensive use of ammonia in 
refrigerating plants, a knowledge of its thermal 
constants is of considerable practical import¬ 
ance. The latent heat has frequently been 
calculated by thermodynamic formulae from 
other properties more easily measured, but a 
number of direct determinations have also 
been made, and the following summary has 
been given by Osborne and Van Dusen : 1 

Regnault 2 published a record of twelve 
experiments saved from the ruins of his 
laboratory, destroyed during the siege of 
Paris in 1870. The apparatus consisted, of 
two calorimeters — the first, or evaporation 
calorimeter, in which the ammonia was allowed 
to evaporate from a steel container and flow 
through a chamber containing baffle-plates; 
and the second, or expansion calorimeter, in 
which the ammonia vapour from the first 

1 Sci. Paper Bur. Stds. No. 315, 1917. 

5 Ann. Chim. Phys., 1871, xxiv. 375. 


I calorimeter was allowed to expand to atmo¬ 
spheric pressure. The capacity for liquid 
ammonia in the first calorimeter was 246 o.e. ; 
but it was filled with various amounts, ranging 
from 17 to 184 grams in dilteront experiments. 
In each experiment the ammonia was com¬ 
pletely evaporated and all vapour expanded 
to atmospheric pressure. The observed fall 
in temperature of the water In the first calori¬ 
meter varied from T7° to 111", and in the 
second it was usually less than 1°. From the 
data obtained in the first calorimeter RegnauH, 
calculated a quantity X, which is the heat 
required to change 1 gm. of saturated liquid 
ammonia at the initial temperature and 
pressure to vapour at the mean temperature 
of the experiment and at a pressure equal to 
the pressure in the expansion chamber of 
the first calorimeter. Me stated, however, 
that it is better to combine the results of the 
two calorimeters, and so proceeded to calculate 
another quantity which is the heat 
required to change I gm. of saturated liquid 
ammonia at the moan temperature and 
pressure to vapour at the mean temperature 
and at atmospheric pressure. 

Regnault’s results have been variously 
interpreted by different writers. Holst com¬ 
puted the latent heat of vaporisation from the 
observation in the first calorimeter and ignored 
the partial expansion below saturation pressure 
which occurred there. As a mean result he 
obtained 296 calories per gram at 12“ 0. 
Jacobus 3 computed the latent heat of vapor¬ 
isation from the observations in both calori¬ 
meters and obtained as a mean value 290 
calories per gram at 12° 0. Lamlolt and 
Bornstein 1 give values from Regnault’s data,, 
the mean value at 12° 0. being 294-f> calories 
per gram. 

Von Stromback 5 used the same type of 
apparatus as Regnault and obtained from 
twelve experiments a mean value of 29BT> 
calories per gram at 18° 0. 

Fstreicher and Sehnerr, 0 according to Lamlolt 
and Bornstein, determined the. heat of vapora- 
tion at the normal boiling-point and obtained 
a value of 321 calories per gram at ~ (J. 

Franklin and Kraus’’ determined the heat 
of vaporisation at the normal boiling-point. 
The apparatus consisted of a I )ewar flask 
containing a liquid bath and a glass evaporating 
cell, each supplied with a platinum heating 
coil. The energy required to evaporate a 
certain volume of liquid ammonia was 
measured aifd the mass computed from the 
volume evaporated, using the value 04174 for 
the density. The mean restilt from three 


" Trans. A.S.M.E., 1800, xll. 307. 

* Phys. Ghern. Tabellm, cd. 1912. 

11 Jour. Franklin Inst., 1891, exxxl. 470. 

* de l’Ac.jh Gracovie, 1010, p. 845 
Chem. Tables , 1912. 

’ Jour. Phys, Ghent., 1907, xl. 653. 


Phys. 





LATENT HEAT 


557 


experiments was 341 calories per gram. 
Recomputed, using more recent data for the 
density (0-683), the mean value becomes 337 
calories per gram. This result is the same as 


The apparatus 1 consisted of a metal shell 
with a re-entrant tube containing a heating 
coil and resistance thermometer; while the 
annular space contained the liquid ammonia. 


Table V 


Heat of Vaporisation of Ammonia in Camiwim m rasa Guam computed nv various Writers and given 

in their Ammonia Tables 


Temperature. 

Lodoux, 

1878. 

Peabody, 

1880. 

Wood, 

1880. 

Zouner, 

1800. 

Mollier, 

1805. 


Wobsa, 

1908. 

0 F. 

° 0 . 

1904. 

- 40 

- 40 

335-2 

332 

322-0 

333-0 

332-7 



— 22 

- 30 

330-5 

324 

310-0 

329-9 

330-0 


3 O 4.3 

- 4 

- 20 

325-3 

310 

309-0 

325-8 

307.0 


317-0 

+ 14 

- 10 

310-7 

308 

303-8 

320-8 

322-3 


309-0 

T 32 

0 

313-0 

300 

207-0 

314-0 

310-1 

309-7 

300-4 

+ 50 

+ 10 

307-2 

292 

291-3 

308-0 

308-0 

298-4 

290-9 

- 1 - 68 

+ 20 

300-3 

293-0 

284 

284-8 

300-1 

299-9 

285-4 

280-0 

-|- 80 

-1- 30 

270 

278-4 

291-3 

280-7 

272-2 

209-4 

-1-104 

- 1 - 40 

285-3 


271-9 

281-0 

278-0 

258-3 

257-4 

- 1-122 

+ 50 



205-3 



243-0 

244-0 

+ 140 

- 1 - 00 



258-0 



227-9 


+ 200 
+250 

+ 03-3 
+ 121-1 


* • 




105-2 


+ 270 

+ 132-2 


•• 



.. 

•• 

•• 

Temperature. 

Hybl, 

Maointire, 

bucko, 

Mosher, 

1013. 

Holst, 

1015. 

Keyes, 

10 . 10 . 

Osborne 

anil 

Van Duson, 
1917. 

0 E. 

; “C, 

1011 . 

1011 , 

1012 . 

- 40 

- 40 



335-3 

334-4 

328-5 

342-0 

331-7 


-- 30 

325-2 

327-0 

328-1 

327-1 

322-5 

333-0 

324-8 

*~* 4 

- 20 

318-2 

320-8 

320-0 

310-0 

310-0 

324-9 

317-0 

-|- 14 
-I- 32 

- 10 

310-7 

313-0 

313-1 

311-8 

300-0 

315-7 

309-0 

0 

302-0 

304-4 

304-0 

303-0 

301-4 

300-0 

301-8 

- 1 - 50 

- 1 - .10 

203-7 

205-0 

294-8 

205-0 

203-2 

290-0 

293-1 

- 1 - 08 

- 1 - 20 

284-2 

284-7 

284-0 

285-0 

284-4 

285-5 

283-8 

+ 80 

- 1 - 30 

274-0 

273-5 

273-5 

270-4 

274-8 

274-4 

273-9 

+ 104 

+ 40 

203-0 

.. 

201-4 

200-2 

204-2 

202-7 

203-1 

- 1-122 

+ 50 


•• 

248-3 

255-4 


250-2 

251-4 

+ 140 

+ 00 



234-7 

243-7 


230-8 


+200 

+ 03-3 



170-7 

105-3 


181-9 


+250 

+ 121-1 

. ♦ , 


, . 

127-0 




-1-270 

■1132-2 



•• 

01-2 



•• 


Lwlcnix, Aumln den Mines, Mdmolnw, 7th Hcrles, 1.878, xlv. 205. (Translation lay Denton, Jacobus, and 
Itiesenbemer, under title of Ice-making Machines, I). Van .Nostram! (Jo. (1802), n. 1711) 

Molllcr, Zdt. ups. imta Tnd„ 1805, 11 . 01 . ' ’ 1 ' ’’ 

Wood, Thermodynamics, Heat Motors , and Refrigerating Machines, ed. 1000, p. 400 
Zeuner, Teehnisehe Thermodummik, 1001 , It. 18 (appendix). 

Dicterlel, Zett. gee. Mile. Inti,, 1004, xl. 24. Wolma, Zett. m. Mite ML 1008, xv. 

Poalimly, .StoMR ami Entropu TtMes Qm), p. 72. Maolntire, lee. and Mriomlion, 1011,: 

Ilybl, tOCli. (fVHs ham Jtl(L } ,1911, XVlli. 105. Lllckti. fflnftfoiM.i'ina 'Phprmn/hiv/iwwu 1 1 

Marks, AMJLH. Trans., 1012, vili. 208. 

(loodcnouKh and Mealier, tinw. of III. Bull., 1018, Ixvl, 

Moist, Bull. Assoc. Ini. tlu Froid, 1015,11. 

Keyes and Brownlee, Themadymmie Properties of Ammonia{ 1010), 1010. 


11 . 

, .... — ..-.,-, xli. 44. 

Macke, Engineering Thermodynamics (J.012),p. 003. 


that deduced by Franklin and Kraus from the 
absolute boiling-point and the molecular 
elevation by van’t Hoil’s formula. 

Osborne and Van Duson redetermined the 
latent heat of ammonia by an electrical 
method. 


The results may be expressed by the formula 
L = 137-91 Jm 0 - 2-406(133 - (?) 
over the temperature range 

-42° to +52° 0., 

* See Fig. 3, "Calorimetry, 'Electrical Methods,” § (7). 
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in which the latent heat is expressed in joules 
per gram required to convert saturated 
liquid into saturated vapour at constant 
temperature. 

If the latent heat is required in calories 
(20° C.) per gram, and 1 calorie is assumed 
equal to 4-183 joules, then the expression 
becomes 

L = 32-968 \/l33 - 0 - 0-5899(133 - 6). 

§ (8) Heats of Vaporisation of 
Carbon Dioxide, Sulphur Dioxide, and 
Nitrous Oxide. —Mathias 1 determined 
the latent heats of the above compounds 
by a method in which the temperature 
of the calorimeter was kept constant, 
and measured the heat absorbed by 
carefullv adding concentrated sulphuric 
ac-id. 

His results for carbon dioxide are of great o 
interest, for they extend from 6-65° to 31-16°, 
or almost to the critical temperature. The 
carbon dioxide contained 0-75 per cent of 
air, which would cause the critical tem¬ 
perature to be rather lower than the true 
value, 31-35°. The formula deduced by 
Mathias from his results, 

L = 118-485(31 -f) 

- 0-4707(31-O 2 , 

gives L=0 at 31°. 

So the experi¬ 
ments may be 
taken to prove the 
heat of vaporisa¬ 
tion does really 
become zero at 
the critical point. 

II. General Methods for 

Latent Heat Determina¬ 
tions 

§ (9) Organic Liquids.— 

The value of the latent heat is 
a physical constant frequently 
required in the case of organic 
liquids, and Regnault’s method 
is scarcely applicable when the quantity of 
the material is limited and the experi¬ 
ment haa to be conducted with reasonable 
facility. 

(i.) Berthelot's Method. —To meet these re¬ 
quirements Berthelot devised the apparatus 
shown in Fig. 5. 2 

The flask containing the liquid under ex¬ 
amination is heated by a circular gas burner 
l, burning under a metallic disc m. The 
centre of the flask is traversed by a wide 

1 Jour, de Phys., Nov. 1905. 

8 Preston, Theory of Heat, 3rd ed., Pig. 99, r> 
365. 





tube TT, through which vapour descends 
into tlie calorimeter, whore it condenses in 
the spiral SS and collects in the reservoir 
R. Tlie calorimeter is placed inside a water- 
jacket, and is protected from the radiation 
of the .burner by a slab of wood covered, 
by a sheet of wire gauze. By means of 
this arrangement partial condensation is 
avoided before the vapour enters the calori¬ 
meter, and the error arising from conduction 
is roughly corrected for by observations of 
the temperature of the calorimeter before 
the distillation commences and after it is 
completed. The weight of the liquid 
condensed is usually about 20 to 30 gm. 
at most, and the time occupied is only 
from two to four minutes. 

By this means M. Berthelot found for 
tlie latent heat of water the 
value 53(1, while the accepted 
value is 540. The close agree¬ 
ment with Begun lilt’s value 
(537) is probably fortuitous, 
since Berthelot’s apparatus 
is not reliable to better than 
about 3 per cent. 

This form of apparatus has 
the great defect that it is 
almost impossible to avoid 
the super! mating of 
the vapour owing 
to the proximity of 
the central tube to 
the flame. This 
I lame, moreover, 
causes disturbances 
of the calorimeter 
and thermometer 
by its radiation 
unless carefully 
shielded. 

(ii.) I faring and 
Barker a made a 
careful study of 
the Berthelot ap¬ 
paratus, and by 
modifying the ar¬ 
rangement were 
able to .reduce the 
due to (l) vapour 
the liquid actually 


Fig. 5. 


two sources of error 

passing over before , . ._ 

reached the boiling-point, (2)" the disturb 
ance at the end of the experiment, caused 
by. the removal of the boiler from the 
vicinity of the calorimeter, for it is assumed 
in Berthelot’s form that the correction for 
the heat given during the condensation period 
can he obtained by observation of the rate 
of cooling after the boiler and flame are 
removed. 

3 Memoirs and Proceedings Manchester hUmiru 
and Philosophical Society , 1895-96, x.; ibid., 1893-94, 
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Their modification is shown in Fig. 0. The 
boiler consists of a flask A, through which 
the tube BC passes centrally. The upper 
end of BO is ground conically to fit into a 
hollow cap I), which is itself attached by a 
glass rod to the movable bell E. This bell 
fits loosely into a rim, which is 
filled with mercury so as to form 
a lute. The bell and cup may 
be thus raised or lowered, at will, 
so as to open or close the valve 
at 0, through which the steam 
passes downwards through CB 
into the condensing worm W. 
At .If a side tube is connected 
with a condenser, if desirable, 
by means of an india - rubber 
tube fitted with a clip. The 
tube at F is kept open during 
the preliminary period; it is 
shut just after 0 is opened, and 
opened again just before G is 
closed, so that at no period does the internal 
pressure exceed that of the atmosphere. The 
end B of the tube BC is ground into the 
upper end of tho condensing worm, of which 
the construction differs slightly from that of 
Berthelot. Tho steam in tho apparatus enters 

the condensing worm by tho straight portion, 

and not by tho spiral. They found this altera¬ 
tion necessary as, otherwise, after the closing 
of tho valve, 
tho air entering 
the worm tends 
to drive.the. con¬ 
densed water 
hack into BO. 

The lower 
half of A was sur¬ 
rounded byapieeeof 
copper gauze hound 
on with asbestos 
string. The project¬ 
ing portion of the 
tube BO was sur¬ 
rounded by asbestos 
and by a leaden 
steam-coil wrapped 
closely around it. 

'The boiler was heated by a small ring 
burner, of which tho Harms was kept at a 
constant height from the moment of lighting 
till it was extinguished. The gas was passed 
first through a Moitcssier. glycerine regulator 
(which maintained tins pressure constant to 
within half a millimetre of water), and then 
through a tap fitted with a long handle 
moving in front of a graduated circle. 

Those precautions are necessary for accurate 
measurements, as variations in the height of 
the flame naturally cause the radiation to tho 
calorimeter to vary. They were able to 
regulate the amount of this radiation at will; 



but, of course, too small a flame made the 
determination too slow, while too large a 
flame rendered the initial and final corrections 
too high. The calorimeter and its jacket, 
and the thermometer, were protected from 
excessive radiation by means of screens of 
asbestos board. 

(iii.) Trautz, Dechend, and Vogel.— To 
prevent the liquid superheating, Trautz and 
Dechend 1 used an electrically-heated Avire as 
a “ boiling accelerator ” when they were 
determining tho latent heat of sulphuryl 
chloride. With a similar apparatus Vogel 3 
later measured the latent heat of isopentane 
(boiling-point, 27° to 28°). In order to obtain 
a really constant tomporaturo ho did not heat 
tho flask directly by a flame, but placed it in 
a water-bath which was heated by a small 
flame enclosed in an asbestos box. The 
apparatus is shown diagrammatically in Fig. 
7. A glass spiral B, which ends in a flask 
0, is connected to the boiling vessel A as 
shown. This flask is connected by a tube 
■D with a volume of air contained in flasks H 
of 120 litres content. Tho pressure in H is 
measured by means of a mercury manometer. 
In order to prevent the possibly uncondensed 
vapour from the flask C reaching IT, a second 
condensation flask with glass spiral is inserted 
in tho circuit and is cooled in a Dewar vessel 
by means ^ of a mixture of carbon dioxide 
snow. This apparatus is especially suitable 
for substances such as sulphuryl chloride, 
because the vapour never 
,T a comes into contact, with 

j] rubber but only with 



glass ; tho mercury manometer measuring the 
pressure is also protected from the chemically 
active vapours by a U-tube filled with caustic 
potash. 

Tho calorimeter is filled with 1200 c.c. of 
water, in which B and 0 are placed. It is 
built up of three beakers; the two smaller 
beakers were silvered inside and stood on 
pieces of cork, the outer beaker stood in a 
box covered outside with, tin-foil and filled 
with diatomaooous earth, The wooden lid 
covering tho calorimeter was also covered 

1 ZcMschr. f. MleMroohmnie, 1008, xlv. 275. 

* ZeiUc-hr, /. physilcal. CJhrnie , 1010, lxxlii. 445. 
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with tin-foil in order to reduce the radiation. 
A circular opening in the lid, made for the 
passage of the parts of the apparatus, was 
closed during the experiment by three layers 
of cardboard covered with tin-foil, which were 
separated from each other by insulating layers 
of air, and only contained the necessary 
openings for connecting tubes, thermometer, 
and stirrer. The stirrer consisted of two ring- 
shaped brass plates cut out obliquely in the 
form of an H. The rings, 6 cm. apart, were 
soldered to two wires, which, in order to 
obtain better thermal insulation, were con¬ 
nected above to two pieces of glass tubing 
cemented together. The space between the 
spiral and the wall of the beaker was almost 
entirely occupied by the stirrer. Before an 
experiment the desired pressure was obtained 
in the artificial atmosphere by means of an 
air pump. 

The amount of heat measured in the calori¬ 
meter Q is made up of the latent heat and 
the heat which the liquid gives off while 
it is cooling from its boiling-point t x down 
to the temperature t a . If W is the amount 
of vapour, L its latent heat, and c the average 
specific heat of the fluid in the region of 
temperatures t x to t 2 , then 

Q = WL + Wcfo-fj), 
and the latent heat of the fluid, 

^ = W ~ ~ 

The specific heat of the fluid must, there¬ 
fore, be known in order to obtain the latent 
heat. 

(iv.) Ramsay and, Marshall A — Sir William 
Ramsay and Miss D. Marshall employed an 
exceedingly simple and convenient apparatus 
for the determination of the heat of evapora¬ 
tion of different liquids at their boiling-points. 
The apparatus consisted essentially of a glass 
bulb with a heating coil inside. This was 
surrounded with a jacket of the vapour of 
the liquid at the boiling-point. The beat 
necessary for evaporation was supplied elec¬ 
trically, the quantity evaporated being 
determined by the loss of the weight of the 
liquid from the bulb. In their experiments 
they employed a duplicate set of apparatus 
connected in series, and obtained the latent 
heat as a ratio from the known value of the 
one substance taken as standard. This 
method is such that the procedure enabled 
the experiment to be carried out without an 
exact knowledge of the values of the electrical 
units, except so far as it was necessary to 
correct for the unequal resistance coils in the 
two vessels. In using the method at the 

1 Phil. Mag., 1896, xli. 38. 


present day it would probably be preferable 
to employ a single unit and determine the 
energy generated in the heating coil with 
precision electrical instruments. One ad¬ 
vantage of the method is that no correction is 
necessary for heat loss. 

The apparatus is shown diagrammatically in 
Fig. 8. The bulb had a line spiral platinum 
wire, the ends of which were attached to stout 
platinum terminals sealed into the glass; the 
terminals were gilded and amalgamated. The 
upper end of each bulb was drawn out into a 
rather narrow open tube through which the 
liquid could be introduced, and which could be 
closed to prevent loss during weighing. This 
bulb was set up in an ordinary vapour jacketing 
arrangement provided 
with side bulb and 
condenser. The jacket 
was closed at the 
bottom by an india- 
rubber cork through 
which passed two 
U-tubes containing 
mercury. The ter¬ 
minals of the heating 
coil rested on the inner 
ends; into the outer 
ends dipped the wires 
carrying the current. 

The cork was protected 
by a layer of mercury 
so that it could not 
come into contact with 
the liquid. Each lamp 

was jacketed by a __ 

Vapour of its own MercurirOup connections 
liquid so that the t0 Haat,l ’Q Co11 
temperature of its con- I'xo. 8. 

tents could be raised 

to the boiling-point without ebullition talcing 
place until the current was switched on. 
In performing an experiment the liquid in 
the side bulb of the jacket was first caused to 
boil, and the current was not switched on 
until the contents of the lamp were judged to 
have reached the temperature of the condensing 
vapour. If this were so the liquid would pass 
into tranquil ebullition the moment the circuit 
was operated. It was generally found advis¬ 
able to drop into the lamp a little glass 
capillary tube to provide a starting point for 
boiling, as most of the liquids showed a great 
tendency to be superheated and hump. A 
small correction was necessary for the loss of 
liquid before the boiling-point was reached, 
and this was determined by separate experi¬ 
ments. 

The original intention was to use water 
as the standard of comparison, but so 
many practical difficulties arose in con- 
nection with this that it was decided to 
I adopt benzene. 
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§ (10) Latent Heat op Evaporation 
op Benzene. — To obtain absolute value 
of the latent heat of benzene Griffiths and 
Marshall 1 employed the apparatus shown in 
Fig. I. 

Iho procedure was exactly the same as 
that adopted in the case of water and the 
following values were obtained : 

Table VI 


Temperature 
(Nitrogen Scale). 


50° 

40 

30 

20 


Latent of Bemono 
(Umt=ealorie at 15° (I). 


90-14 

100-71 

102- 30 

103- 82 


linear formula 


L = 107-05 - 0-158*. 


' ” - O- - *'**'-' AAUtUU UJL ViljJ 

tion of benzene at its boiling-point 
L = 94-84, 

expressed in terms of the thermal units at 
15° C. This does not differ very much from 
the direct determinations of R. Schiff a (OB-4) 
and K. Wirtz 3 (92-9), using the Borthelot 
type apparatus. 

§ (11) Disooshion op Latent Heat Data. 4 
Numerous attempts have been made to 
connect the value of the latent heat of a 
substance with its other physical properties. 

, (*•) Fronton, The best-known generalisa¬ 
tion is that of (Crouton, 1 * which states that 
ML 

■ rp '*= constant, 

where L is the latent heat, M is the molecular weight, 
T the absolute temperature, 

lliis law is true for members of the same 
chemical group such as the hydrocarbons, 
oto., hut is not true for widely different 
substances, as Table VII. shows. 

Iho law also applies to metals and inorganic 
substances with a different constant, a few 
values of which for representative groups 
is given below: 


Mg, Cd, 'An, Hi * 

J\ PUI 8 , CO* U'jjB, CN 
R WO* Ilg . . 
Br* MI . . . 
NIL .... 


19-30 to 20-20 
21-2 to 21-4 
21-0 to 22-0 
23-0 
23-0 

* Van Aubel, Compt, rend., .1.013, clvl. 400. 


\ Mw., 1800, Xli. 1. 

J/Wbifs Anmten, 1880, ecxxxlv. 338, 
* Wwd. Ann,, 1800, xl. 438, 

a Phil, Mag, xvlll 54. 

VOL. I 


It was shown by Despretz in 1823 8 that 
some relationship of the form given above by 

le 1 d ’ and later Pictet (1870), Ramsay 
(1877), rediscovered it independently, but 
it is now generally referred to as Trouton’s 
1884 a * l ° U ®k P a P el ' only appeared in 
Table VII 




Latent 

Heat.* 

Boiling- 

point. 



Bonzone 

94-4 

80-2° 


Toluene . . . 

80-8 

110-8 


Motaxylone 

82-8 

138-5 


Water .... 

53(5-6 

100-0 


Alcohol. . . . 

216-5 

78-2 


Acetic acid. . . 

97-0 

118-5 


Methyl formate . 

110-1 

31-8 


Ethyl formate. 

94-4 

54-3 


Methyl acetate 

97-0 

57-1 


Propyl formate . 

90-2 

80-9 


Ethyl acetate . 

88-1 

77-15 

> 

Methyl propionate 

89-0 

* 79-7 


Propyl acetate 

83-2 

101-25 


Ethyl propionate . 

81-8 

99-2 


Methyl butyrate . 

79-7 

102-7 


Methyl isobutyrato 

75-0 

92-3 


Methyl alcohol 

261-0 

04-7 


Formic acid . . 

120-4 

100-6 


Chloroform 

58-4 

01-5 


Aniline .... 

113-9 

184-0 


ML 
T ' 


20- 05 
20-01 

21- 03 
25-04 
28-09 
14-72 
21-45 
21-13 

21- 53 

22- 38 
21-93 

21- 99 

22- 45 
22-22 
21-43 
20-74 
24-8 
14-8 
20-8 

23- 2 


nrEft tWSi tofftta 1 ECt 8 «S 

(ii.) Mills.—In more recent years the theory 
has boon developed a step further by J. E. 
Mills, 8 who has deduced tho expression 

L - E x 

.!i/~.constant, 

v Pi< “ \ Pv 


where L "latent heat of vaporisation, 

Iflj »= heat equivalent of external work, 
lienee L—Itj is tho internal heat of vaporisation. 
/),, and p v are the densities of liquid and saturated 
vapour respectively. 

Tho formula is based on the following assumptions: 

(1) Tho molecules aro evenly distributed. 

(2) The number of moloonlos does not change 
during vaporisation. 

(3) No energy oxpondod in infra - molecular 
work. 

(4) Tho force of attraction does not vary with 
temperature. 

(5) Tho molecular attraction varies inversely as 
the square of the distance, 

In connection with assumption (5) Mills points 
out that if the other assumptions aro correct tho iiftlj 
follows. 

“ Ann, Qliim, Phys„ 1.823, xxiv. 323. 

1 Phil. Hoe. (llasgow. 

..qo 1902, vi. 209; 1904, viii. 

3p3 and 593 ; 1905, ix. 402 ; 1900, x. 1 of. Appleby 
and Chapman, Trans. Ohm. Soe., 1014, cv. 734; 
Hutton, Phil, Mag., 1915, xxix. 593, 

2 o 
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Mills, in testing the formula, obtained values 
of L over a Avide range of temperature by- 
calculation from the thermodynamic equation 

L=?( Vv-Vdf, 

where L=latent heat, 

T=the absolute temperature, 
dpjdt = the rate of increase of vapour 
pressure per degree. 

V v and Vj,=volumes of saturated vapour and 
liquid. 

Of 31 substances examined, 8 gave abnormal 
results. The measurements in the case of 3 
Avere not altogether satisfactory, Avhile the 
remaining 5 exceptions (water, 3 alcohols, and 
acetic acid) were abnormal in several of their 
physical properties. 

From the remaining 23 substances it Avas 
possible to calculate 378 values of the constant. 
Mills found that the mean value was Avithin 
2 per cent for 349 cases, and 29 cases of 
divergencies were possibly due to errors of 
measurement. 

§ (12) Supplementary References- to 
Latent Heat Determinations. 


III. Latent Heat op Fusion 

latent heat of fusion of any substance 
red as the quantity of heat required to 


convert unit mass of the solid at the 
melting-point into liquid at the same tem¬ 
perature. 

A variety of methods have been devised 
to determine this physical constant, the 
substance usually studied being ice. 

§(13) Heat of Fusion of Ioe. — Black, 
in 1762, made a rough measurement and 
obtained the value 79-7 calories, and to him 
is also due the credit of first draAving a 
clear distinction between specific and latent 
heat. 

In 1780 Lavoisier and Laplace made some 
experiments in Avhich they determined the 
amount of ice melted by a known weight of 
water cooling through a known interval of 
temperature. The heated water Avas enclosed 
in a thin metal sphere, and it required sixteen 
hours for the sphere and its contents to reach 
equilibrium temperature with the ice on immer¬ 
sion in the calorimeter. 

Although the method of experiment was 
obviously unsatisfactory, the value they gave 
—75 calories per gram of ice melted—was 
accepted for the next sixty years. 

§ (14) Determinations by “Method of 
Mixtures.” (i.) Regnaull , in 
1842, applied the “ method 
of mixtures ” to the problem, 
His first experiments were 
made with snow cooled 
slightly below 0°. The siioav 
was immersed in the calori¬ 
meter and the change of 
temperature of the water 
observed. The value 79-2 
calories was obtained for the 
latent heat. Other experiments 
with small blocks of ice gave 
79-06 calories. 

The following year La Pro- 
vostaye and Desains 1 published 
an account of their experi¬ 
ments by a similar method, and 
gave the value 79-01 calories. 
Although considerable care Avas 
taken to eliminate the usual 
sources of error in calorimetric 
work it is not quite certain 
that sufficient care was taken 
to remove all traces of moisture 
adhering to the ioe before 
immersion in the calorimeter. 
Their value is undoubtedly too 
low. 

(ii.) Hess, in 1848, employed 
the same method, but cooled 
the ice several degrees below 
0° C. to ensure the absence of 
adhering moisture. This pro¬ 
cedure necessitated a determination of the 
specific heat of ice. 

1 Ann. de Chimie, 3°, 1843, viil. 5, 


Table VIII 


Observer. 

Method. 

Reference. 

Wirtz .... 

Joly steam calori¬ 
meter 

Wied. Ann., 1890, xl. 438 

Wehnelt and 

Electrical method 

Deutsch. Phys. Oesell., 

Musceleanu 

suitable for high 
temperatures 

1912, xiv. 1032 

Jahn .... 

Ice-calorimeter 

Ze.il. physilc. Chem., 1893, 
xi. 788 

Fletcher and 
Tyrer . 

Electrical method 

Trans. Chem. Soc., 1913, 
ciii. 617 

Kaklenberg . 

Electrically heated 
platinum wire 

Journ. Phys. Chem., 1901, 
v. 215, 284 

Shearer 


Phys. Rev., 1903, xvii. 
469 

J. C. Brown . . 


Trans. Chem. Soc., 1903, 
lxxxiii. 987 

Estreicher. . . 


Zeii. physilc. Cliem., 1904, 
xlix. 697 ; Acad. Sci. 
Cracovie Bull., 1910, 
vii.A 345 

Dewar . . . 

Metallic spheres 
of knoAvn heat 
capacity dropped 
into liquefied 
gases: volume of 
gas measured 

Chem. News, 1895, lxxi. 

. 192 

Belm .... 

” 

Drude’s Ann., 1900, i. 
270 
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l-lie value obtained for the latent heat 
of fusion was 80-3 calories. Two years later 
Person 1 obtained the value 80-0 calories bv a 
similar method. J 

(iii.) Bogojawhnshy , 2 in 1904, employed 
mercury as calorimetric medium. The results 
of 6 experiments range from 79-41 to 79-91 
with a mean value of 79-61. 

. He illso determined the specific heat of 
ice over the range from -85° C. to -5-5° Q. 
IJiis constant was required for the reduction 
of the results of the latent heat experiments 
m which, the range of temperature of the ice 
* was from - 10° to 0°. The value obtained for 
the specific heat of ice was 0-52. 

(iv.) Dickinson, Harper, and Osborne s em¬ 
ployed both the “method of mixtures” and 
an electrical method. 

Samples of ice were prepared in the form 
of hollow cylinders and were cooled to a 
uniform temperature of either -0-72° or 
-3-78°. 

Experiments on 92 samples of ice did 
not indicate any variation in the latent 
heat with tho mode of preparation of the 
sample. 

Observations on ice contaminated with 
a mixture of ammonia, sodium chloride, and 
calcium chloride to the extent of about 
1 part in 1000 gave results about 1*4 per cent 
lower than for pure ice. 

.the mean of 2.1, determinations of pure ice 
gave tho value 79-03 calories for the latent 
heat. 

§ (15) IIlOTHRMINATIONS BY MEANS OB’ THE 
IciE-OAEOMMETim.—In 1870 Bunsen devised the 
ice-calorimeter which boars his name. Know¬ 
ing tho change in volume on tho melting of 
a known quantity of ice, the latent heat of 
fusion may be determined by experiments 
with tho ice-calorimeter as shown by Bunsen. 
Ho observed the weight of mercury drawn in 
when water at tho boiling-point was dropped 
into the inner tube. 

Bunsen found the value 80-025 for the 
latent heat (see article on “ Calorimetry, 
Methods based on the Change of State,” 

§ ( 2 )). 

Roth 1 lias assembled tho results of a number 
of determinations of the density of ice and 
deduced a value to use in calculating tho heat 
of fusion from the data of Bohn® and of 
Dietorioi, 8 both of whom used the Bunsen ice- 
calorimeter. 

The density determinations reviewed are 
as follows: 



Bunseu . | 

Zakrzevski j 

Leduc. 

Nichols . 
Barnes 
Vincent . 


rected value) 

Ann der Phys., 1892, 
(3), xlvii. 155 
Com.pt. rend., 1906, cxlii 
149 


Phys. Rev., 1899, viii. 21! f 


Phys. Rev., 1901, xiii. 55 
Fh ys. Rev., 1902, xv. 129 


1 Chimie, 8«, 1850, xxx. 73. 

hOmfttm der Dorpater Maturfmcher Gesellschaft, 
1,904, xlii. 

“ <S H, .Paper, .No. 209,1,913. (Contains a summary 
of previous work.) 

* Mr phi/a. Chm„ 1008, lxlll, 441. 

Ann. der Phys,, 1905, (4), xvi. 063. 

' Hid., 1905, p. 593. 


0-9168 
•91658 

•9176 

■91603 to ! 
•91795 | 

•91649 j 
•9160 | 

He states the mean, excluding , , 

values, to be 0-9167, but us es g B^n^ 
corrected value 0-9168 on B msen s 

that the conditions of producim^^ 1 '* 1 - 011 
used in that density deteiminatinn h 106 
nearly the same as tLse uSr vMch T 
ice-calorimeter is generally used. ^ the 

, , Iddying this value to Behn’s data Roth 
obtains for heat of fusion of ice 79-69 
snmlarly for Dieterici’s data 79-60 cal. 15=. ‘ ° ’ 

• Knnl ^ LECTE ' I0AL Methods. —A. W Smith ' 
m o 1903. appM the eleotrioa! 

The method employed by Smith may be 
deambed briefly as follows: The ice was 
broken into small pieces, and cooled several 
degrees below zero. It was transferred to a 

below 0“ ? T 0 ," tai “ in S oil, also cooled 

below 0 0. The calorimeter was then warmed 
slowly by a feeble electric current until the 
temperature was about 1° C. below zero A 
larger current was then applied for a suffi¬ 
cient time to melt the ice, and raise the resulting 
water to half a degree above zero. The 
electric energy had then been expended in 
raising the temperature of the ice and the 
calorimeter from — 1° 0. to 0° C., in meltiner 
the ice, and in raising the water and calori¬ 
meter to 0-5° C. In addition some heat was 
lost by radiation, conduction, and convection. 
By suitable arrangements of the experi¬ 
mental conditions all of these quantities were 
determined. 

§ (17) Results of Experiments. — The 
results obtained by various observers for the 
latent heat of fusion of ice are summarised 
in Table X. 

§ (18) Variation of Latent Heat of 
Fusion with Temperature. —Person calcu¬ 
lated that the heat of fusion of a body is smaller 
the lower the temperature becomes. Petter- 
son verified this in the case of ice, and found 
that for 1° 0. lowering of the melting-point 
of ice the heat of fusion was decreased by 
0-59 calorie as against 0-5 predicted by the 
theory. At - 6-5° C. observation gave a value 
of 76-0 calories. 

Phys. Rev., Oct. 1903, No. 4, xvii. 
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Table X 


Name. 

Date. 

Experiments. 

Temperature 
Range of 
Water. 

Black .... 

1702 

2 

80- 0 

Regnault . 

1842 

4 

10- 7 

Regnault . 
Provostayo and 

1843 

13 

22-11 

Desains . 

1843 

17 

24-10 

Hess .... 

1848 

40 

19- 7 

Person .... 

1850 

6 

16— 5 

Bunsen. 

1870 

2 

O f 

100- 0 
Electrical 

Smith .... 

1903 

8 { 

method 

Bogojavlensky . 

1904 

6 

Mercury 

Belin (calc, by Roth) 

1905 



Dieterici( „ ., ) 

Dickinson, Harper, 

1905 


Electrical 

and Osborne 

1913 

21 


79-7 

79-24 

79-00 

79- 1 

80- 34 
80-0 
80-02 

79-59* 

79-01 

79-09 

79-00 

79-63'|' 


■ Recalculated by Dickinson, Harper, and Osborne to the 15° calorie 
and the gram mass. jg, q. 

t Calories at 15° per gram mass. 


Latent Heat, Determination of. See 
“ Latent Heat.” 

Berthelot’s Method. § (9) (i.). 

Hartog and Harker’s Method. § (9) (ii.). 
Ramsay and Marshall’s Method. § (9) (iv.). 
Trautz, Dechend, and Vogel’s Method. 

§(9)(iii.). „ , . , 

By different observers not referred to m the 
text, tabulated references to. § (12), 
Table VIII. 

Latent Heat oe Vapour. See “ Thermo¬ 
dynamics,” § (29). 

Lateral Strains—Apparatus for Measur¬ 
ing. See “ Elastic Constants, Determina¬ 
tion of,” § (57). 

Lead, Atomic Heat of, at low temperatures, 
Nemst’s values for, tabulated. See “ Calori¬ 
metry, Electrical Methods of,” § (11), 
Table VI. 

Lead, Specific Heat of, at various tempera¬ 
tures, tabulated, with the Atomic Heat. 
See “Calorimetry, Electrical Methods of,” 
§ (10), Table V. 

Leads, Compensating, in Thermo-electric 
Pyrometer : lead wires of the same 
materials as those employed in the thermo¬ 
couple. See “ Thermocouples,” § (20). 

Least Action, Principle of. If the total 
energy of a system of bodies in motion 
remains constant, the sum of the products of 
the masses, the velocities, and the spaces 
described is a minimum. Thus 2m Jv. ds is 
a minimum. 

Lenoir Gas Engine. See “ Engines, Thermo¬ 
dynamics of Internal Combustion,” (§ 32) (i.). 

Hydraulic. See “ Hydraulics,” § (58). 

General Mechanical Properties of. 

“ Elastic Constants, Determination of,” 
.,4), 


LIQUEFACTION OF GA8ES 

An important part of the 
science of liefriijeralum (q.r.) 
deals with methods of pro¬ 
ducing cold so oxtromo as to 
liquefy air and other so-called 
permanent gases. This, apart 
from its application to purposes 
of research, is now the basis of 
a considerable industry, which 
employs the liquefaction of air 
as a step towards the sivpara- 
tion of its constituents, with 
the object of making com¬ 
mercial use of the oxygon or 
the nitrogen or both. To 
liquefy any pure gas the gas 
must bo cooled below its critical 
temperature, 1 which for oxygen 
moans a cooling below - 118" (1 
and for nitrogen a cooling below 
-146° 0. Temperatures much 
lower than this have been reached by the 
methods hereafter described. Hydrogen, 
whose critical temperature is -235° (.!., lias 
not only been liquefied ( first by Dewitt in. 1898) 
but solidified; its melting-point under atmo¬ 
spheric pressure is about - 258° 0. or 15" abso¬ 
lute. Even helium, the most refractory of all 
known gases, has been liquefied (first by Ohm 
in 1908) under conditions that lowered the 
temperature to within three or four degrees 
of the absolute zero. Its critical temperature 
is -268° C. These remarkable achievements 
became possible through the invention by 
Dewar in .1891 of the Vacuum V entail, which 
secures thermal insulation by the use of two 
glass walls with a very perfectly exhausted 
space between them. On the inner surface 
of the outer wall Dewar deposits a film of 
mercury, which greatly reduces the entry of 
heat by radiation. In such vessels liquid gases 
may he decanted and handled with case, 
carried about from place to place, and oven 
stored for short periods with no more than a 
moderate loss by evaporation. 

§ (1) Regenerative Cooling. —Ono way 
of reaching a very low temperature, originally 
used by Pictet and called the “ cascade ” 
method, which has done valuable service in 
the hands of Dewar, is to have a serins of 
vapour-compression refrigerating machines 
so connected that the working substance 
in one, when cooled by its own evapora¬ 
tion, acts as the circulating fluid to cool 
the condenser of the next machine of the 
series, and so on. Different working fluids 
are selected for the successive machines, so 
that each in turn reaches a lower tempera¬ 
ture than its predecessor. The working fluid 
in any one machine is evaporated at a tem- 
1 See article “ Thermodynamics," § (37), 
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peratnre which is lower than the critical 
temperature of the fluid that is used in the 
next machine of the series. Each machine 
11118 lta compressing pump, condenser, and 
expansion-valve. Thus the first machine may 
use, say, carbonic acid, letting it evaporate at 
a temperature of -80° C. or so. The next 
machine may use ethylene, condensing it in 
thermal contact with the evaporating carbonic 
acid, and lotting it evaporate at about - 130° C 
This in turn will serve for the condensation 
<>t such a gas as oxygen after moderate 
compression in a third machine. 

Blit it is in a different way that the com¬ 
mercial liquefaction of air and other gases 
18 usually carried out. The usual process is 
a regenerative one, first successfully developed 
by Linde, in which the Joule-Thomson effect 
of irreversible expansion in passing a con¬ 
stricted orifice (seo “ Thermodynamics,” § (50)) 
serves as the stop-down in temperature, and 
a cumulative cooling is produced by causing 
the gas which has suffered this step-down to 
take up heat in a thermal interchanger from 
another portion of gas that is on its way to 
tho orifice. The gas to bo liquefied is itself 
the working substance. 

Imagine a gas such as air to have been 
compressed to a high pressure P A , and to 
have had the heat developed by compression 
remo ved by circulating water or other means, 
so that its temperature is that of the surround¬ 
ings. Call tins initial temperature T r Let 
the compressed gas at that temperature enter 
an apparatus in which it expands irreversibly 
(through an expansion-valve or porous plug 
or constricted orifice of any kind) to a much 
lower pressure P B , at which pressure it leaves 
the apparatus, If the gas wore an ideal perfect 
gas tins irreversible expansion would cause 
no fall in temperature. 

In a real gas there is A ^-j-— 

in general a fall from 
Tj to some lower tern- < r~ 
perature T'. Tho fall B 
T t -T' measures the 
Joule-Thomson cool¬ 
ing effect for the given ” 

drop in pressure. In 
Joule and Thomson’s 


We may define Q as the quantitv of 
which each unit quantity of the ms i i 
W to take „p within L apparILTS 

mXeond Tit’A™ 6 ““ a PP" a ‘“ were 
maae equa to its temperature on entrv It 

measures the available cooling effect due to 

ra P u p n i q t r ity ot that • w 

neat from the stream that is on its +1 
the orifice with the result that the outgoing 
stream, before it escapes, has its temperature 
restored to 1\ or very near it. This fs easily 
accomplished by having, within the apparatus^ 
a long approach pipe or worm through which 
the compressed gas passes before it reaches 
the orifice, and round the outside of which 
the expanded gas passes away, so that there 
is intimate thermal connection between the 
two streams. For simplicity we may assume 
the interchanger to act so perfectly that when 
the outgoing gas reaches the exit it has 
acquired the same temperature T, as the 
entering gas. Each unit of it will therefore 
have taken up a quantity of heat equal to Q 
as defined above. 

Under these conditions the apparatus will 
steadily lose heat at the rate of Q units for 
every unit quantity of gas that passes through. 
If we suppose the apparatus as a whole to be 
thermally insulated against leakage of heat 
into it from outside, there will consequently 
be a continuous reduction of the stock of 
heat that is held by the pipes and the gas in 
them. The result is a progressive cooling 
which constitutes the first stage of the action. 

It may help to make the matter clear if we 
diaw up an account of the energy received 


experiments on air it was about a quarter of a 
degree for each atmosphere of drop in pressure. 

Tho cooling effect of the drop in pressure 
may be measured by the quantity of heat 
winch would have to be supplied to the gas, 
per unit of mass, after expansion, to restore 
it to the temperature at which it entered the 
apparatus. (Jail that quantity Q : then 

Q-^MTj-T'), 

where K ; , is the mean specific heat of the gas 
at the lower pressure Pn between these 
temperatures. 


and discharged by the apparatus. Gas enters 
at A (Fig. 1) under the pressure P A and at 
the temperature T, . Gas leaves the apparatus 
at B under the pressure P B and at the same 
temperature T ls having taken up, through 
the action of the interchanger, a quantity 
of heat equal to Q. The pipes and expansion 
orifice are not shown in the sketch :• they are 
within the enclosing ease, which is assumed 
to be a perfect non-conductor of heat. During 
the first stage of the action the stopcock C 
(which is used at a later stage for drawing 
off the liquefied gas) is closed, and all the gas 
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that has gone in at A goes out at B ; it is 
only by the entry of gas at A and by its escape 
at B that energy enters or leaves the apparatus. 

Each unit of entering gas contains a quantity 
of internal energy Ea, and the work that is 
done upon it as it goes in is PaVa- . Each 
unit of outgoing gas contains a quantity of 
internal energy Eb, and does work, against 
external pressure, equal to PbUb- Hence, 
for each lb. that flows through, the net amount 
of heat which the apparatus loses is 

E b + P b Yb - (Ea + PaVa), or I B -I A . 

But the amount so lost is Q, namely the heat 
that is required to restore the gas to the 
temperature at which it makes its exit. 
Hence for each unit quantity of gas that 
passes through the apparatus, 

Q = Ib —Ia> 

The contents of the apparatus become 
colder and colder in consequence of this 


continued abstraction of heat. But it should 
be noticed that their fall in temperature does 
not affect the value of Q. We assume that 
the action of the thermal interchanger con¬ 
tinues to be perfect; in that case the exit 
temperature will still be equal to the initial 
temperature T x however cold the interior 
becomes in the neighbourhood of the expansion 
orifice. There will be no change in the value 
of either Ib or Ia, and consequently no 
change in Q. The value of Q, as the above 
expression shows, depends entirely on the 
conditions at A and at B; with perfect 
interchange this means that if depends only 
on P A , Pb, and T x . It is independent of any 
temperature conditions within the apparatus, 
and therefore remains unaltered as the action 
proceeds. 

This stage of progressive cooling continues 
until the. temperature of the gas at the place 
where it is coldest, namely on the low-pressure 


side of the expansion-valve, falls not only 
below the critical point, but to a value T a 
which is low enough to let the gas begin to 
liquefy under the pressure Pit. In other 
words, T a is the boiling-point corresponding 
to P B . This is the lowest temperature that 
is reached. 

A continuous gradient of temperature has 
now become established along the flow-pipe 
within the apparatus from the point of 
entrance, where it is Tj, to tho high-pressure 
side of tho expansion valve, where it exceeds 
To by the amount of the .Joule-Thomson (Imp. 
There is also a continuous gradient along tho 
return pipe from T a , on the low-pressure side 
of tho valve, to T x at tho exit. The (low and 
return streams are in close thermal contact, 
and at each point there is an excess of tem¬ 
perature in the flow which allows heat to 
pass by conduction into the return, except at 
the entrance, whore, under tho ideal condition 
which we have postulated of perfect inter¬ 
change, the temperature 
of both flow and re¬ 
turn is T x . 

This state of things is 
diagrammatieally rejun¬ 
seated in Fit/tt, 2 and 2a. 
There the How and re¬ 
turn are represented m 
taking place in straight 
pipes, one inside tho 
other to provide for 
interchange of heat. 
Entering along the inner 
pipe A the compressed 
gas expands through a 
constricted orifice E 
(equivalent to an ex¬ 
pansion - valve) into a 
vessel from which it 
returns by the outer 
pipe B. The vessel is provided with a stop¬ 
cock 0, by which that part of the fluid which 
is liquefied can be drawn off when the second 
stage of the operation has been reached. In 
the temperature diagram (Fit/. 2a) MN 
represents tho length of tho interchange!*, 
DM is the temperature T :l at which the gnu 
enters and leaves tho apparatus, GN is T a , 
and EG is the Joule-Thomson drop. DF is 
the temperature gradient for tho flow-pipe 1 , and 
GD for the return. 

When this gradient has become established 
the gas begins to liquefy, tho apparatus does 
not become any colder, and the action enters 
on the second stage, which is one of thermal 
equilibrium. A certain small fraction of the 
gas. is continuously liquefied and may be 
drained off as a liquid through the stopcock 0. 
The.larger fraction, which is not liquefied, 
continues to escape through the interchange!* 
and to leave the apparatus at the same 
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temperature as before, namely the temperature 
Tp equal to that of the entering gas. Call 
this unliquefied fraction q ; then l-q 
represents the fraction that is drawn off as 
a liquid at the temperature T._>. Since the 
apparatus is now neither gaining nor losing 
heat on the whole, its heat account must 
balance; from which 

Ia = #Ib+ (1 - 

where Ia is the total heat per lb. of the gas 
entering at A, I B is the total heat per lb. of 
the gas leaving at B, and I 0 is the total heat 
per lb. of the liquid leaving at C. In this 
steady working the aggregate total heat of 
the fluid passing out is equal to that of the 
fluid passing in, since the fluid, as a whole, 
takes up no heat in passing through the 
apparatus, 

now that tlio liquid which is drawn, 
off at C were evaporated at its boiling-point 
I a, and then heated at the same pressure from 
T a to T x . Assuming that the specific heat of 
the vapour may be treated as constant, the 
heat required to perform that operation would 
be 

(1 - ^[L + K,,(Tj. - T a ) J. 

But that hypothetical operation would result 
in this, that the whole of the fluid then 
leaving the apparatus would be restored to 
the temperature of entry, namely T x , since 
the part which escapes at B is already at that 
temperature. Hence the heat required for it 
is equal to the quantity Q as already defined. 
Wo therefore have 

(! - ff)[L T - T„)].= Q, 
from which 

I . Q.. 

1 L + K^(T X - T a )’ 

This equation allows the fraotion that is 
liquefied to be calculated when Q is known. 
The fraction so found is the ideal output of 
liquid, for wo have assumed that there is no 
leakage of heat from without, and that the 
action of the interchange!’ is perfect in the 
sense that the outgoing gas is raised by it 
to the temperature of entry. Under real 
conditions there will be some thermal leakage, 
and the gas will escape at a temperature some¬ 
what lower than T, ; the effect is to diminish 
the fraction actually liquefied, 

The fraotion that is liquefied is increased 
by using a larger pressure drop. It is also 
increased by reducing the initial temperature 
Tj 5 thus the output of a given apparatus 
can be raised by using a separate refriger¬ 
ating device to pre-cool the gas. Pro-cooling 
is indispensable if the method is to he applied 
to a gas in which, like hydrogen, the joule- 
Thomson effect is a heating effect at ordinary 
temperatures, but becomes a oooiing effect 


initial 


low. 


temperature is sufficiently 


was applied by^Lindf eoolin g 

tion of extreme^ W temriLr ^ produc - 
the liquefaction of afe irl 11 " 685 and for 

apparatus shown diaerammnV of an 

It consists of an in^Sgef Gd| f ^ 3 ‘ 
two spiral coils of nines JL • AT rormed of 
enclosed in a thermally insuTariW*^ ° tlle ^’ 
compressing pump P delivem a L? 156 ; . f 
pressure through the valve H in+n ^ Ugh 
where the heat developed w ? & COoler J ’ 
removed by water cireffiating in SforS™ “ 

S vTi m ^ at K to ^n outlet 
The highly compressed air then L ‘ 

through the pipe BC to the inner Cm and 
after traversing the worm it expands thr’oSh 
the throttle-valve R into the vessel T thereby 
suffering a drop in temperature. Then R 
returns through the outer worm P and. beW 
m close contact with the inner worm taS 
up heat from the gas that is still on its iv 
to expand Finally, it reaches the com- 

G Tnd\T P ?f° Ugh the valve 

A* Jf d 18 com pressed to go again through the 
cycle. During the first stage it simply goes 
round and round m this way; but whenthe 
second stage is reached and condensation 
begins, the part that is liquefied is drawn off 
at V and the loss is made good by pumping 
m more air through the stop-valve at A by 
means of an auxiliary low-pressure pump, not 
shown in the sketch, which delivers air from 



FlG. 3.—Linde’s Regenerative Apparatus. 


the atmosphere to the low-pressure side of 
the circulating system. 

Linde showed that by keeping this lower 
pressure moderately high it is practicable to 
reduce the amount of work that has to he 
spent in liquefying a given quantity of air. 
He pointed out that while the cooling effect 
of expansion depends-upon the difference of 
pressures Pa and Pb on the two sides of the 
orifice, the work done in compressing the air 
in the circulating system depends on the ratio 
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of P A to Pb- It is roughly proportional to 
the logarithm of that ratio, for it approximates 
to the work spent in the isothermal com¬ 
pression of a perfect gas. There is accordingly 
a substantial advantage in respect of thermo¬ 
dynamic efficiency in using, for the main 
part of the working substance, a closed circu¬ 
lation with a fairly high back-pressure. 

In working on a small scale it is convenient 
to accelerate the action by using carbonic 
acid as a preliminary cooling agent. This is 

Air Expansion 
Vah a 



illustrated in the laboratory apparatus of 
Fig 4. There compressed air enters on the 
nght and passes first through a coil sur¬ 
rounded by carbonic acid which has been 
cooled by release through an expansion valve 
from a compressed state. The effect is to 
pre-cool the air to about -80° C. It then 
passes on to the regenerator, which is situated 
m the centre of the apparatus and consists 


of a long spiral of fine metal tubing outside 
of which the air streams off after passing 
through the expansion valve at the bottom. 
In passing the valve some of the air is liquefied 
and collects in the vacuum vessel below. 

Important modifications of Linde's method 
were made in 1902 and later by G. Claude, 
It had long been recognised that there would 
be a thermodynamic advantage if the fluid, 
instead of expanding irreversibly through a 
constricted orifice, were made to do external 
work by expanding in an expansion cylinder 
or equivalent device. A greater step-down in 
temperature would tlien bo obtained, for in 
addition to the Joule-Thomson cooling effect 
there would bo the larger cooling effect duo 
to the energy which the substance loses in 
doing work. Claude succeeded in overcoming 
practical difficulties as to lubrication which 
had prevented the use of an expansion cylinder 
in very low temperatures, and devised various 
forms of expansive working, one of which, is 
shown diagrammatically in Fit/. 5. There 
only a part of the compressed air, which enters 
through the central pipe of the counter¬ 
current interchanger M, passes into the expan¬ 
sion cylinder D. It expands, doing external 
work, and is then discharged through a 
tubular condenser L, in which it serves ns 
a cooling agent to maintain a temperature 
that is not only lower than the critical tem¬ 
perature of air, but is sufficiently low to make 
air liquefy at the jjjpsBure at which, it enters 
the apparatus. The remainder of the com¬ 
pressed air is directly admitted to the lubes 
of L and is condensed there, still under the 
pressure of admission, dropping as a liquid 
to the lower part of the vessel, from which 
it can be drawn off through a tap at (ho 
bottom. 

§ (2) Separation oit the Cons'ittuhni’s ok 
Air. —After air lias been liquefied the con¬ 
stituent gases can be separated by re-evapora¬ 
tion because they have different boiling-points. 
The boiling-point of nitrogen, under atmo¬ 
spheric pressure, is about -195° (!., whereas 
that of oxygon is -182° (I. When a quantity 
of liquefied air evaporates freely both gases 
pass off, but not in the original proportion 
in which they are mixed in the liquid. The 
nitrogen evaporates more readily, and 1 lie- 
liquid that is left becomes richer in oxygon 
as the evaporation proceeds. This difference 
in volatility between oxygen and nitrogen 
makes it possible to carry out ti process of 
rectification analogous to the process used by 
distillers for extracting spirit from the “ wash ” 
or fermented wort, which is a weak mixture 
of alcohol and water. 

. ^ ie dwice used for that purpose there 
is a rectifying column consisting of a tall 
urn , containin g many zigzag shelves or 
baffle plates. The wash enters at the top 



liquefaction of gases 


meeting a om^nte^: steam SSe^Tkt Id h"™ 6 ^ mped in under 

steam are thereby brought into close contact off 7 pr ° duct ’ and tl ! e nitr °g en that passes 
ami an exchange of fluid takes X ce 7 1 V f f* at th ° t0p of tlle 

each stage some of the alcohol is evaporated ehnn?^ 6 ^i traverse e°unter-cmrent inter- 
from the wash and some of the steam is om ° Ut ’ “ wIlich the y 6™ 

densed, the heat supplied by the condensation V f ? lncoming air ' 
of the steam serving to evaporate tie a S ,7 i A reC + tlfying f ollimn arranged in this way 
The condensed stem becomes m2 77 d °f ? completely separate the two con- 
down-coming stream of fluid; the' evaporated 01777 ’ 7 altll0llgh i1} yielda nearly pure 
alcohol becomes part of the up-goiim^tream and? ^ & 7™ m Part ° f the oxygen to escape 
of vapour. Finally, at the Zl ^ not y f d Pn™ nitrogen. In a coA- 

compumtivoly rich in alcohol passes off ■ 7 Ir • Tjocess for the manufacture of oxygen 

tho bottom a fluid accumulates which is water tion of tf ^ conse 5 uen ° e - But a modifica- 

with little or no alcohol in it. A t 7 7 pr ° 7 C0SS ’ 1Iltroduced ^er by Claude 

turo gradient is established £ the C0 Zn • T ’ N V V * 20 ’ ^/enables 

at the bottom tho temperature is that of cn ™?” ? .7, 7 made substantially 

steam, and at tho top there is a lowej tom! pure sSte™ dhe t" r? “ a noarly 
poraturo approximating to tho ^ 10 wodiftcation consists in 

boiling-point of alcohol. Tho wash —* >- m 

enters at this comparatively low * 
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A corresponding method was 

patented by Linde in 1002 for '—^Tj L 0 

separating the more volatilo con- lUhrw^ f ~~1 

stituont (nitrogen) from liquid air, V^|JT|j| [,| —■— 
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Ido. 5.—Claude's Method. 


press tire. As the gas rises and comes into 
close contact with tho down-coming liquid, 
them is a give and take of substance: at 
each stage some of the rising oxygen is con¬ 
densed and Homo of the nitrogen in the down- 
coming liquid is evaporated; the liquid also 
becomes rather warmer. By the time it 
roaches the bottom fl, consists of nearly pure 
oxygen: tho nitrogen has almost completely 
passed off as giuq and the gas which "passes 
off at the top consists very largely of nitrogen, 
More precisely it consists of nitrogen mixed 
with about 7 per cent of oxygon; in other 
WjruH, out of tho wholo original oxygon content 
of air (say 21 per cent) two-thirds are brought 
down as liquid oxygen to the bottom of the 
column, while one-third passes off unsepar* 
atoil along with all tho nitrogen, Tho oxygen 
that gathers at the bottom is withdrawn 
for use, and in its evaporation it serves to 


, .. .rmwu nviJKMUUUB 1/110 0011- 

deusetl material at mice into two liquids, one 
containing much oxygon and tho other little 
except nitrogen. The latter is sent to tho 
top of tho rectifying column, while the former 
ontors the column at a lower point, appro¬ 
priate to tho proportion it contains of the 
two constituents. Practically pure nitrogen 
passes off as gas at tho top, arid praotioally 
pure oxygen from tho bottom. 

i'%. (i is a diagram showing the modified 
process as carried out by Claude. Tho 
counter-current intorohangors, which are of 
course part of the actual apparatus, are 
omitted from the diagram. 

Compressed air > fowled by tho interohangor 

on its way, enters the condenser at A. The 
condenser consists of two sets of vertical 
tubes, communicating at tho top, whore they 
all open into tho vessel B, but separated at 
the bottom, Tho central tubes, which open 
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from the- vessel A, are one set; the other 
set form a ring round them and drain into 



the vessel C. Both sets are immersed in a 
bath, S, of liquid which, when the machine is 
in. full operation, consists of nearly pure 


oxygen. The condensation of the compressed 
air causes this oxygen to be evaporated. 
Part of it streams up the rectifying column 

D, to be condensed there in carrying out the 
work of rectification and consequently to 
return to the vessel below. The rest of the 
evaporated oxygen, forming one of the useful 
products, goes off by the pipe E at the side. 
The compressed air, already cooled by the 
interchangers, enters the condenser at A. It 
first passes up the central group of condenser 
tubes, and the liquid which is formed in them 
contains a relatively large proportion of oxygen. 
This liquid drains back into the vessel A, 
where it collects, and the gas which has sur¬ 
vived condensation in these tubes goes on 
through B to the outer set of tubes, is con¬ 
densed in them, and drains into the other 
collecting vessel C. It consists almost wholly 
of nitrogen. The liquid contents of 0 pass 
(through an expansion-valve) to the top of 
the rectifying column, while those of A (after 
also passing through an expansion - valve) 
enter the column lower down, at a level L 
which is chosen to correspond with the pro¬ 
portion of the constituents. The result is to 
secure practically complete rectification, and 
the second product of the apparatus—com¬ 
mercially pure nitrogen—passes oil' at the 
top through the pipe N. 

To understand how a rectifying column 
acts in separating the constituents of air, 
it is useful to refer to the experiments of 

E. C. C. Baly [Phil. Mag., Juno 1900) on the 
evaporation of mixtures of liquid, nitrogen, 
and oxygen. Given a mixture of these 
liquids in any assigned proportion, equilibrium 
between liquid and vapour is possible only 
when the vapour contains a definite proportion 
of the two constituents, but this proportion 
is not the same as that in the liquid mixture. 
Say, for example, that the liquid mixture is 
half oxygen and half nitrogen, then according 
to Baly’s experiments the vapour proceeding 
from such a mixture will consist of about 22 
per cent of oxygen and 78 per cent of nitrogen. 
With those proportions thcro will bo equili¬ 
brium. If, however, a vapour richer than tins 
in oxygen were brought into contact with 
the half-and-half liquid, part of the gaseous 
oxygen would condense and part of the liquid 
nitrogen would be evaporated, until the propor¬ 
tion giving equilibrium is reached. The curve, 
Fig. 7, shows for each proportion of oxygen in 
the mixed liquid what is, in the vapour, tho 
corresponding proportion of oxygen necessary 
for equilibrium, in other words what is tho 
proportion in the vapour, when that is being 
formed by the evaporation of the mixed 
liquid in the first stages of such an evaporation, 
before the proportion of the liquid changes. 
In this curve the base line specifies the per¬ 
centage of oxygen in any mixture of the two 
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liquids, and the ordinate gives the proportion 
of oxygen in the corresponding vapour, when 
the vapour is formed under a pressure of 
one atmosphere. Much the same general 
relation will hold at other pressures. It will 
he seen from the curve that when the evaporat- 
ing liquid mixture is liquid air (oxygen 21 per 
cent, nitrogen 79 per cent) the proportion 
of oxygen present in the vapour that is 
coming off is about 7 per cent or a little 
less. This is what occurs at the top of Linde’s 
original rectifying column. The liquid that 
is evaporating 
tlioro is freshly 
formed liquid air, 
and henco the 
waste gases carry 
oil about 7 por 
cent of oxygen. 

Coining down the 
column the liquid 
finds itself in con¬ 
tact with gas con¬ 
taining more 
oxygen than cor¬ 
responds to equi¬ 
librium. Accord¬ 
ingly oxygen is 
condensed and 
nitrogen is evapo¬ 
rated at each *3 
stage in the do- gi 
scent, in the effort 
at each level to 
roach a condition 
of equilibrium be¬ 
tween the liquid 
and the vapour 
with which it is 
there in contact, 

Again, the curve 
shows that when 
air, containing 21 
percent of oxygen, 
liquefies, the 


liquid that collects in C will be nearly all 
nitrogen. It is true, of course, that in the 
upper parts of the central tubes the liquid 
that is formed consists largely of nitrogen, 
but as this trickles down the tube in which 
it has been condensed there is a give and 
take between it and the ascending gas, pre¬ 
cisely like that which occurs in a rectifying 
column, and when the liquid reaches the 
bottom it is nearly in equilibrium with the 
gaseous air, and therefore contains about 48 
per cent of oxygen. 



30 

percentage of oxygen 
Ido. 7. 
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liquid that is formed should contain about 
48 por cent of oxygen, if its composition is 
such as will maintain equilibrium with the 
gaseous air. In the apparatus shown in 
Fi(j, 0 tin's condition holds for the contents 
of tins vessel A. The first portions of tho air 
to be condensed trickle down the sides of the 
central condenser-tubes and aro “scrubbed” 
by tlio air as it ascends; that is to say, they 
are brought into such intimate contact with 
tho ascending air that a condition of oqui- 
librium between liquid and vapour is at least 
closely approached. Accordingly tho liquid 
which collects in the vessel A contains some* 
tiling like 48 per cent of oxygen. By making 
the eondensor-tubes long enough it is clear 
that little or no oxygon will be loft to pass 
over through B into tlx© other tubes, and tho 


When this liquid from A is discharged 
through an expansion-valve into the rectifying 
column at L, part of it immediately evaporates, 
producing an atmosphere which has the com¬ 
position of air (21 per cent of oxygen), Tho 
part of the column which extends above this 
point reduces tho percentage of oxygon in tho 
ascending gas from 21 por cent to practically 
nil, by means of the liquid from 0, 

In aomo plants for carrying out tho process 
of rectification on a largo scale it is claimed 
that nitrogen with a purity of 99-8 per cent 
is obtained. A Linde plant at Odda, in Norway, 
separates out tho nitrogen from about one 
hundred tons of air daily for use in the manu¬ 
facture of oyanamide, a nitrogenous fertiliser 
which is formed by passing gaseous nitrogen 
over hot calcium carbide. 
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Another commercial application, of the 
liquefaction of gases is in the manufacture 
of hydrogen from water-gas, which consists 
mainly of a mixture of hydrogen with carbon 
monoxide. The carbon monoxide is separated 
out by liquefying it, leaving the hydrogen in 
the state of gas. The last stage of this separa¬ 
tion is effected by using liquid nitrogen as 
an auxiliary cooling agent. The scheme of a 
hydrogen apparatus as used by the Linde 
Company is shown in Fig. 8. Water-gas, 
under compres- 
H sion, enters at 

W and passes 
through a 
counter - current 
interchanger into 
the coil B in 
the condensing 
vessel K. The 
vessel K is kept 
nearly fullA’ftf 
liquid^ caghpi 
monoxide- which 
has come from 
the coil and has 
suffered a step- 
down in tem¬ 
perature by 
passing through 
the expansion- 
valve R. When 
the compressed 
water-gas enters 
Fig. 8.— Apparatus for separating the coil B, most 
Hydrogen from Water-gas. of the carbon 

monoxide in it 
becomes condensed, hut most of the hydrogen 
remains gaseous. The mixture in the coil 
passes on into a separating vessel A enclosed 
in a vessel V and kept very cold by liquid 
nitrogen which enters through S after being 
formed in a rectifying tower that is not shown 
in the diagram. The nitrogen in V is con¬ 
tinuously boiling off at a low pressure. This 
serves to remove most of the residue of carbon 
monoxide, and nearly pure hydrogen passes 
off, still under pressure, at H. Both it and 
the carbon monoxide, which passes off at CO, 
pass through pipes in the counter-current inter¬ 
changer by means of which heat is removed 
from the incoming water-gas. , . E 




Liquid, Absolute Expansion op a ; deter¬ 
mination by a hydrostatic method. See 
“ Thermal Expansion,” § (11). 

Liquid Columns for, Pressure Measure¬ 
ment. See “ Pressure, Measurement of ” 

§(3). 

Liquid Level Indicators. See “Meters,” 

VoL in. 


Liquid - Meters. Sec “Motors,” Vol. III. 
Liquid Piston Pumps. See “ Air-pumps,” 
§ ( 15 ). 

Liquids : 

Measurement of Relative Expansion of. 

See “ Thermal Expansion,” § (10). 
Methods of measuring Thermal Conductivity 
of. Column Method — Film Method— 
Plow Method. See “ Heat, Conduction 
of,” § (7). 

Specific Heat of, by Electrical Methods, 
See “ Calorimetry, Electrical Methods 
of,” § (2). 

Values of Thermal Conductivity of. Seo 
“ Heat, Conduction of,” § (7), Table IV. 
Loading Coeffioient, Non-dimensional 
Critical. Seo “ Dynamical Similarity, 
The Principles of,” § (41). 

Locomotive Engines. Seo “ Steam Engines, 
Reciprocating,” § (8). 

Locus of a Point in a Mechanism. Seo 
“ Kinematics of Machinery,” § (3). 
Logarithmic • Decrement ; the natural 
logarithm of the ratio of two successive 
amplitudes of a point executing damped 
harmonic motion, given by «e-»*Mn (M f e). 
Its value is /L’, where T is the time of a 
complete oscillation which is equal to %irjn. 
Lower Pairs. For definition boo “ .Kine¬ 
matics of Machinery,” § (2). 

Lubricants, Mixtures of : the effects on 
the frictional resistance of mechanism due 
to mixing small quantities of fixed oils to 
mineral oils. See “ Friction,” § (20). 

LUBRICATION, BOUNDARY 
CONDITIONS IN 

Lubrication falls into two sharply distinct 
divisions according as tho solid faces are or are 
not fully separated by a layer of lubricant. In 
the latter the physical properties of tho solid 
faces play an important part; in the former 
the layer is thick enough for the lubricant to 
develop its properties when in mass, and tho 
friction therefore is the internal or viscous 
friction of tho lubricant modified by tho form 
of the hounding solid faces. The friction of 
“ dry ” and “ greasy ” faces constitutes tho 
one division. In it what Osborne Reynolds 
called “ boundary conditions ” operate, and 
the friction therefore might be called boundary 
friction. The other division includes tho so- 
called “ complete lubrication ” of journals or 
slide blocks running in a bath of lubricant so 
that the rubbing faces are completely floated 
apart. 

The remarkable feature of lubrication, and 
one which a complete theory must explain, is 
that these two divisions are opposed to each 
other in all important characteristics. In 


lubrication, boundary conditions in 


flotation static friction is absent, and the 
resistance to relative motion varies directly 
-with the viscosity, that is to say it depends 
on the internal friction of the lubricant and 
the area of the opposed surfaces, and increases 
as the velocity of relative motion increases. 
In boundary lubrication there is static friction, 
j. dh'tionul resistance being equal to that in 
kinetic friction unless the state of the solids 
themselves is altered hy the stresses ; and the 
resistance varies as some inverse function of 
the viscosity of the lubricant, and is inde¬ 
pendent el: tl 10 area and relative velocity. 

The relations are so completely opposed to 
one another as to make it probable that if we 
eoubl introduce a single pure chemical sub¬ 
stance between two clean solid faces so as 
gradually to increase the thickness of the layer, 
we should meet with a discontinuity of state 
such that at a certain critical thickness 
boundary conditions would disappear to give 
way to flotation. ° 

Naturally occurring solid surfaces such as 
the surface of a pane of glass are contaminated 
by an invisible Him of matter condensed from 
the atmosphere or derived from contact with 
olher substances. The grosser part of this 
lilm being of a greasy nature, it reduces the 
friction of “clean” faces by about 70 per 
‘•cui. The lilm may ho removod, or rather 
the grosser part of it, by various methods, 
id.r example, glass may he cleaned by washing 
with soap anil water, heating in sulphuric and 
chromie acids, washing in water and drying 
in clean dry air. The eoollicient of friction g, 
of clean faces, that is to say tiro ratio of the 
tangential pull to the total normal pressure, is 
high, being 04)4 for crown glass, 0*74 for hard 
el cel. and <)T>() for bismuth. 

Thin ilium of a given lubricant may be 
deposited on such clean faces by exposing 
them to its vapour, or by spreading lubricant 
over them mid then polishing off all excess 
with linen which lias boon deprived by pro¬ 
longed and special treatment of all material 
capable of being conveyed to tho solid face. 
iSimii surfaces are what are commonly called 
“ dry ” surfaces. The most interesting method 
of producing “ dry ” lubrication is by allowing 
the lubricant itself to spread over tho clean 
surfaces under the hvfhieneo of molecular at- 
tmefious. As an example, take tho following: 
a single small drop of pure acetic acid is placed 
near one comer of a clean plato of glass, say 
ult cm. square, immersed in clean dry air. 
Nothing oltvious to the senses follows. The 
dmp of acid to all appearance remains where 
it was without change. The whole surface of 
the plato will, however, now bo found fully 
lubricated as by acetic acid, tho coefficient of 
friction having fallen from 0*94 to 0-41, 
because an invisible Him has spread over it 
from tho visible drop of aoid. 
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Films can he formed in this way onlv in 
clean dry air, because water his n c ‘ i 

?o°M r ?l f +flT bing the relation " between'the 
sohdand the lubricant. The films are, therefore 

subject to evaporation so active as to remove 
the lubricant as fast as it is spread from the 
drop, save when, as in the ease of acetic acid 

bV+ 1 l 1 Pr0 ^-' am r 1 m e ’ ii; is ver T strori - r Iv adsorbed 
by the solid. This is prettily shown" bv promd 
alcohol In the immediate neighbourhood of a 
drop of the substance the friction of a glass 
plate is found to fall to a low value U = 0 * 49 ) 

but as one moves away the friction rapi.iiv 
but gradually rises to the “ clean ” value * One 
can picture hut not see, a film continually 
spreading from the drop of alcohol and as 
contmuaUy herng removed by evaporation, so 
that it vanishes completely a few centimetres 
from the edge of the drop. 

When the surfaces are flooded by the luhri- 
cant so that the slider moves in a pool, the 
t&cloiess of the film which persists between 
tgees will he determined by capillary forces. 
Ihe friction of such flooded surfaces is in all 
cases so far measured equal to that of sur¬ 
faces covered only by the invisible film just 
described, and we thus come to the second 
remarkable paradox of boundary friction, 
namely, that the boundary friction is inde¬ 
pendent of the quantity of lubricant on the 
faces. The following figures will serve to 
illustrate this : 



Surface flooded 
with Lubricant. 

Burnished Film 
of Lubricant. 

Amyl Alcohol . 
Caprylie Alcohol 
Heroic Aoid 

Caprylie Acid . 

g=- 58 
g = *51 
g=-46 
/i = -34 

g=* 59 
^ = •54 
fi=- 46 
g=-34 


A description of the method adopted for 
making these measurements will he found on 
the following page. 

The third remarkable feature of sliding 
friction is expressed in what is usually called 
Coulomb’s law—unfortunately so, since the 
law was clearly formulated more than eighty 
years earlier hy Amontons in 1699. 1 It states 
that the total frictional resistance is inde¬ 
pendent of the area of contact and of the 
relative velocity, being dependent only on the 
total normal pressure. If we speak of the 
reaction of the fixed surface—using the word 
in the sense in which Newton used it—and 
call the normal component N and the tan¬ 
gential component F, then Amontons’ law is 
expressed by F/N=g=constant. This law is 
characteristic of boundary conditions—that 
is to say, of “dry” or “greasy” surfaces, 
and is replaced by a quite different law when 

1 Amontons, M 6 m . de VAcad . Roy . des Sciences , 
, .1009, 206; Coulomb, Mim . des Squeans / Strangers , 
I 1785, x. 163, 333. 




574 


LUBRICATION, BOUNDARY CONDITIONS IN 


the lubricant floats the surfaces completely 
apart. 

In considering the question whether the law 
is an approximation, and if so within what 
limits it holds, we will take the two negative 
statements separately. In 1895 H. Painleve 1 * 
investigated mathematically the properties of 
mechanical systems subject to the relation 
/a = F/N, and came to the conclusion that it ^ 
leads to certain impossible discontinuities of j 
motion. His method consisted in introducing 
into the equations of motion the reactions 
F and N as forces doing virtual work. His 
paper led to a controversy, carried on by 
French and German mathematicians, which 
continued for about fifteen years. From it 
one conclusion seems to emerge, namely that 
Amontons’ law holds only when the geometrical 
relations of the surfaces which are compared 
are such that the normal and tangential 
reactions, the position of the centre of gravity, 
and the moment of inertia of the slider have 
the same geometrical relations throughout* 8 
As an example, the value of g. will depend 
not merely upon the weight of a circular 
plane disc sliding on a plane surface but 
also on the position of the centre of gravity 
with respect to the geometrical centre of 
the disc. This relation must not be con¬ 
founded with Michell’s 3 4 conclusion that the 
coefficient of friction • of a plate sliding 
over a fully lubricated surface depends 
upon the geometrical position of the load, 
because the former holds for static as well 
as kinetic friction, whereas Michell’s analysis, 
like Osborne Reynold’s, postulates relative 
motion. 

The measurements of static friction which 
form the basis of this article were made with 
a slider having a curved surface which was 
applied to a plane surface, both faces being 
highly polished. 1 From the middle of the 
slider projected a small arm from which a 
fine thread passed over a fight pulley to a 
pan. When weights were placed on the 
pan the slider rocked forward and the 
weight which just failed to cause sliding was 
used to compute the static friction. Some 
lubricants appear to abolish static friction, 
the smallest weight then causing a very 
slow glide. Ricinolie acid on bismuth is an 
example. 

By a simple modification of the form of the 
arm, the pull could be adjusted so as to do 
away with the rocking of the slider. This 
was npt found to alter the friction. Both the 
weight and the radius of curvature of the 


1 Qomptes rendus, 1805, exxi. 112. 

a Compare, for example, Chamat, Gamptes rendus, 
1903, cxxxvi. 1034. 

3 keits. Math., Leipzig, 1905, In. 123. 

4 For details see W. B. and J. K. Hardy, Phil. 

Mag., 1919, xxxviii. 32, 49, and Phil. Mag., 1920, xl. 
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slider were altered over a large range without 
detectable change in the value of /a. 

The contact between slider and plate was 
a circle of unknown but very small area. The 
weight of the slider was varied from 15 to 
170 grammes; the normal pressure was, there¬ 
fore, in some cases very groat. 

All measurements were made in a chamber 
filled with air dried and freed from dust. The 
slightest trace of moisture was found com¬ 
pletely to alter the values. 

When both the slider and the bearing have 
plane surfaces, there must always be uncer¬ 
tainty as to the area of real contact, because, 
as Burgess 5 * proved, even the most carefully 
trued faces touch only at a few points, being 
separated elsewhere by a film of air or con¬ 
densed water vapour. When a spherical sur¬ 
face slides over a plane surface the area of 
contact varies with the radius of curvaturo 
and with the § power of the load. The values 
of fi were found to be strictly independent of 
the load and curvature, and therefore of the 
area of the surface of contact. Much more 
investigation is needed in the interests both 
of theory and practice; but the experimental 
evidence so far justifies the statement that 
Amontons’ law is an exact law and not an 
approximation so long as the physical state 
and chemical nature of the solid and lubricant 
remains the same. 

The second statement, namely that /a is 
independent of the relative velocity, was 
examined by Fleeming Jenkin and Ewing, 0 
who found that for hard substances, such as 
steel on steel, static and kinetic friction were 
equal ; but that they were unequal, the latter 
being less than the former, whon one or both 
faces were of relatively soft material, such as 
brass or greenheart. Coulomb and Morin, 7 
in 1781 and 1830 respectively, had already 
found the kinetic friction loss than static 
friction when one or both faces wore of wood. 
It is probable therefore that /a is independent 
of velocity only so long as the solid faces 
themselves are rigid enough not to bo modified 
by viscous flow induced by tho tangential and 
normal stresses. 

Tho theory of boundary friction which may 
be said to hold the field at present is due 
to Coulomb. He states that friction must bo 
due to tho engaging with one another (l’on- 
grainago) of the asperities of tho surfaces, 
and that coherence must play a negligible 
part, because the effect of coherence would 
necessarily be proportional to the number of 
points of contact — that is to say, to the 
area. 

Pushed to the limit, this theory moans that 
truly plane surfaces are sensibly frictionloss 

8 Proa. Roy. Soc.. 101:1, lxxxvi. A, 25. 

8 Phil. Trans,, 1877, clxvfi. A, 509. 

7 Qomptes rendus, 1830, p. 37, 
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and Unit tha asperities form frictionless 
meliuori planes, the friction being due solely 
tu the component parallel to the surface of 
tlu V resistance offered by them. Since the 
surface ,h experimented with were always 
higlily polished, tho asperities must have been 
very small, and tho average effect of all might 
therefore bo supposed to be the same for 
equal areas of sensible size wherever placed. 
Tho theory demands that the resistance due 
to any single area acting alone shall be equal 
to that of a surface including any number of 
such areas provided tho total normal pressure 
is em iMtaiit. If tho actual surface is frictionless, 
tho relation of tangential resistance to pressure 
would seem to follow from Hooke’s law. The 
tangential resistance will bo proportional to 
the.elm.nge of form of tho surface, and this again 
in proportional to the normal force. There is 
therefore nothing violent in tho assumptions, 
except, that of Motionless surfaces. 

'1 he difficulty of Coulomb’s theory lies, not 
in the supposed action of asperities, because 
there is no such thing as a plane surface of 
particulate matter, and wo merely have to 
inquire what constitutes tho insensible 
asperities of a highly polished face, hut in the 
ascription of a negligible part to cohesion, for 
wo know that there exists on tho external 
face of all solids a Hold of attraction for other 
forms of matter strong enough to hind to the 
face a film which cannot in many cases be 
detached without abrading tho solid itself. 
There can ho no manner of doubt hut that 
the force required to cause one of these films 
to slip over the solid varies directly with the 
area, (liven such a field of force, there will 
be resistance to the tangential motion of 
matter over a face, save in tho unique case 
when the equipotential surfaces of tho field 
are plane and parallel to tho material face and 
the motion is parallel to those planes. 

The dilemma in which tho theory places us 
is apparent when wo consider faces separated 
by a continuous layer of lubricant. Cohesion 
and repulsion now operate over tho whole 
area, and the friction is strictly internal Motion; 
w hy, then, should the frictional resistance not 
he proportional to tho area as it is in tho 
internal friction of homogeneous fluids and in 
tho Mtirfaeo friction of a solid face moving 
ill rough a fluid, ( ‘oulomb hints that it is a 
question of degree, tho resistance being mainly 
due to asperities, hut careful measurements 
show ton close an agreement with theory for 
an escape to ho found in this way. 

The scale of the asperities to which friction 
is due may he estimated from the following 
farts, The more highly polished is a surface 
of glass the greater Is its Motion—thus glass 
trued and polished to an optical face has 
sensibly the same static Motion as has plate- 
glow, and both give higher values than ground- 


glass. The asperities are therefore of insensible 
dimensions. The friction of polished faces of 
glass, steel, or bismuth is reduced to a relatively 

all ™ lubric f i0n Uith an aliphatic 

acid or alcohol, even when all excess of lubricant 

is burnished off. The invisible film of lubricant 

f Per, r + tS tbe lcnvest obtainable 

value for static friction, as was noted earlier 
yet it can be at most very few molecules hi 
thickness. Y hen the alcohol or acid is volatile 
at the temperatures of observation (»• n e thvl 
or propyl alcohols), the burnished film 
evaporates off the surface in a few minutes 
the friction rising as rapidly to the hi 2 h value 
for clean faces. The fact that a film so 
thm gives the best boundary lubrication the 
particular substance is capable of exerting 
proves that the asperities must he of mole¬ 
cular dimensions. We may therefore con¬ 
fidently reject what appears to he the current 
conception, namely that friction is due to 
material asperities each of which acts in 
opposing relative motion like a Motionless 
inclined plane, and assume that friction is 
due to the attraction of the molecules of one 
solid for the other across the interface when 
the surfaces are “ clean,” and of the molecules 
of the lubricant for each other when they are 
“ dry ” or “ greasy.” 


The field of force already mentioned as 
existing at a free face of solid or liquid is 
due to the unbalanced attractions of the 
molecules, and the tangential component of 
this field constitutes the surface tension. 
Friction of clean faces may be regarded as 
being due to the mutual reaction of the fields, 
and, so long as boundary conditions operate, 
a lubricant reduces friction because it partly 
masks or “saturates” the fields of the 
solids. 

Greasy films are formed on solid or fluid 
surfaces because they reduce the potential of 
the fields of attraction, and this process of 
condensation of foreign matter on to a surface 
is called adsorption. A lubricant may there¬ 
fore also be said to be adsorbed by the solid 
face, and, other things being equal, the greater 
the work done by molecular forces in forming 
the layer the better the lubricant. For an 
experimental proof of this relation see the 
Philosophical Magazine, 1919, xxxviii 49, and 
1920, xl. 201. 

It has been known for a long time that 
adsorption is determined by chemical con¬ 
stitution. Broadly speaking, those substances 
which are more active chemically in relation 
to the particular fluid or solid are more strongly 
adsorbed by it. Thus acids, alcohols, and 
esters are more strongly absorbed by the surface 
of water than are paraffins. It is therefore in 
accordance with expectation to find that 
aliphatic alcohols and acids are better 
lubricants of solids than their related paraffins. 
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This is illustrated by the following values of 
fi for glass, steel, and bismuth, there being in 
each case an excess of lubricant on the faces. 


If these figures are plotted against molecu¬ 
lar weight the curves will be found to be 
straight lines, so that we may write /jt=y, 0 - aM, 
where y, 0 and a are constants and M is the 
molecular weight. 

The effect of the nature of the solid face is 
unexpectedly simple. Within the limits of 
error the slope of the curve is independent of 
the nature of the solid face. That is to say, 
a is independent of the solid face and a pure 
function of chemical constitution, the values 
being: 

Normal paraffins . . . a = -0013 

Normal alcohols . . . a = -0016 

Normal acids . . , a = -0043 

The first two acids in the series, formic and 
acetic acids, give abnormally low values of y, 
as might be expected from their other physical 
properties. 

The value of the constant y 0 is, on the 
contrary, determined by the nature of the 
solid faces. It is, as the theory would 
lead us to expect, a function of the fric¬ 
tion of the faces when “clean.” Thus we 
have for the normal paraffins the following 
values : 



Glass. 

Steel. 

Bismuth. 

Clean fi 0 = 

•94 

•74 

•50 

Lubricated fi Q = 

•80 

•57 

•48 


These relations may be put in another way. 
For the normal paraffins, acids, and alcohols 
the effect of changing from one solid or another 
is to shift the curves with respect to the axes 
whilst keeping them parallel to themselves. 
The general relation between the internal 
friction (viscosity) and boundary friction of 


the members of a chemical scries is that the 
former increases and the latter decreases as the 
molecular weight increases. For normal par¬ 
affins tho equations 
of isotherm aro 

aM 

and t? = ??o +/IM, 
where i] is the co¬ 
efficient of internal 
friction and fi is a 
constant. The rela¬ 
tions aro not so 
simple as this in 
other chemical 
series. 

Tho lubricating 
action on bismuth of 
nearly one hundred 
substances has been 
measured and rela¬ 
tions found which 
at present have 
received no explanation. Some of those are 
illustrated by tho following values of ft : 


Chain Compounds 



Alcohols 


Propyl 

. . -34 

Isopropyl. 

. -32 

Butyl 

. . -30 

Isobutyl . 

. -30 

Amyl 

. . -27 

Glycol 

. -30 

Octyl 

. . -28 

Glycerol . 

. .22 

Cetyl 

. . -17 

Pentorythritol 

. 40 


Acids 


Propionic 

. . -31 

Oloio 

. *10 

Valerio . 

. . -28 

Kicinolio 

. -02 

Caprylio . 

. . -1!) 

Lactic 

. -20 

Stearic 

. . -15 

Glyceric . 

•22 


Esters 

Bthylacotato . . . -3(i 

Etliylvalorianato . . -3 fi 

Tristcuria .... -24 

Triolein . . . . >14 


Ming Compounds 


Benzene . 

•34 

Ethyl benzene 

. -32 

Naphthalene . 

•29 

Toluene . 

. -28 

Anthracene 

•20 

Xylene . 
p. Cymono 

. -30 

Phenol . 

•25 

. -31 

Catechol . 

•39 

fi Naphthol . 

. -38 

Quinol 

•40 

Naphthoic acid 

. -39 

ni-Cresol . 

•26 

Benzoic add . 

. -38 

Benzyl alcohol 

•31 

Cinnamic acid 

. -27 

Ethyl hydrocinna- 
mate . . 

•28 

Ben zi lie add . 
Salicylic acid , 

. 46 
. 41 

Ethyl cinnamato . 

■32 

Carvaorol 

. -23 

di-Penteno 

•31 

Thymol . 

. *24 

Iso-cholesterol 

•27 

Menthol , 

. ‘26 


Cyclic Compounds 

Cyclohexane . . >31 I Cyclohoxanol . . -3fi 
Methyl cyclohexane >30 | Cyclohexanone . >3 fi 


Castor oil . . >03 Carbon tetrachloride *40 

Water . . , >33 Chloroform . . >33 


Normal Paraffins 



C 6 H 12 . 

C 0 H m . 

CrHifl. 

C 8 H 18 . 

Cnilbio. | OojHjj,,. 

Glass. 

•71 

•69 

•67 

•65 

•41 j -33 

Steel . . 

•48 

•45 

•43 

•41 

.. 

Bismuth . 


•37 

•35 

•32 

•09 -07 


Normal Alcohols 



CH 3 OH. 

C 2 H 5 OH. 

C 3 H 7 OH. 

C 4 H,jOH. 

C 5 H 11 OH. 

0 8 Hj 7 0H. 

C 1 , ! II a;1 01I, 

Glass. 

•67 

•65 

•63 

•60 

•58 

•51 

•33 

Steel . . 

•47 

44 

•41 

•39 

•37 

•30 

t , 

Bismuth. 



•34 

•30 

•27 

•25 

•17 
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The most interesting is the distinction 
between ring and chain compounds. The 
simple ring compounds benzene, naphtha¬ 
lene, and anthracene show the linear relation 
to molecular weight, and the values are much 
tlm same as those for paraffins of the same 
molecular weight. The similarities, however, 
end here, for any change in the molecular 
structure produces opposite effects according 
as it takes place in a chain or ring. Thus a 
double, bond decreases the lubricating action 
of a ring compound, but increases that of 
a, chain compound. As examples, compare 
naphthoic acid with double-bonded oxygen 
with naphthalene, menthone with menthol, 
cyclohexanone with cyclohexane, benzoic acid 
with benzene. As examples of double-bonded 
carbon, compare cinnamic ester with liydro- 
einuamie ester, di-penteno, having two un- 
sa,turn,ted carbon atoms, with menthol and 
cyclohexane. Also the more saturated cyclic 
compounds are bettor lubricants than the less 
saturated ring emu pounds. 

When a ring or chain is joined, as in butyl- 
xylene, the result is a bettor lubricant than 
either. 

The esters occupy a quite unexpected posi¬ 
tion, This simple aliphatic esters are worse 
lubricants than their related acids and alcohols. 
The ring esters, on tho contrary, are better 
lubricants than are their related acids (e.g. 
ethyl benzoate and benzoic acid). 

Perhaps the most interesting substances are 
tlm hydroxy-adds with Oil and 00OH groups. 
This conjunction produces a remarkable in¬ 
crease in tlm lubricating power of a chain 
compound (lactic acid and rioinolio acid), and 
almost,destroys lubricating action in the case 
of the ring compounds (salicyclio and benzylic 
acids). 

In the ring compounds the replacement of 
hydrogen decreases lubricating power in the 
case of N : O, or -PoolI, and increases it 
in the ease of other groups in the order 
<U1,. OIL Oil. 

'The (tiled of a second group of tho same 
or of a dilTerent kind is to decrease the elfoct 
of the lirst. Compare, for instance, toluene 
with xylene ; catechol, quinol, and crosol with 
phenol ; and methyl cyiiohcxanol with cyelo- 
hexanol. 'The simpler the group tho more 
elTedivo it is. Compare oymeno with toluene 
or xylene, mid benzyl alcohol with phenol. 

When the atoms are disposed with complete 
symmetry about a carbon atom, the result is 
a* very bad lubricant, as we see in carbon 
tetrachloride and tho alcohol pontorytlmtol 
(•(CiLOlDe 

It will bo noticed that no ring compound 
is a good lubricant. Even cholesterol, with 
the molecular weight ffikS, is no exception. 

The group HI! acts much as OH, thio- 
plieuol and benzyl - hydroaulphido 


C 6 H s CH 2 SH resembling 
alcohol respectively. 


phenol and benzyl 


, 1 nummary lubrication outlined 
above may be developed further by considering 
the properties of composite surfaces. When 
a substance, say an oil, spreads on water, under 
the influence of surface forces a surface is 
formed whose properties are neither those of 
a clean surface of water nor of the oil. The 
water and the oil have in fact reacted on one 
another. Such surfaces may be called “ com¬ 
posite.’’ All naturally occurring surfaces are 
composite, because the free energv of sueh a 
composite surface is less than that of a clean 
or simple surface. The reaction between the 
components of a composite surface can be 
classed as chemical, but in a very restricted 
sense, because the condition of imniiseibilitv of 
the components makes the relation of the 
molecules two-dimensional. The law of aver¬ 
age values therefore applies only in a restricted 
way, so that the characteristic law of chemistry, 
the law of definite and multiple proportions, 
ceases to hold. 


The partial nature of the reactions and the 
structure of a composite surface may be 
illustrated by an example. When an aliphatic 
acid such as palmitic acid forms the film on 
water, the film is probably only one molecule 
thick and the carboxyl groups are attracted 
by the water so that each molecule stands on 
end. (See for example Adam, Proc. Roy. Soc., 
A, 1921.) The film therefore is composed of 
a layer of carbon chains oriented at right angles 
to the water face. Orientation to an unknown 
degree may also be supposed to obtain in the 
superficial layer of the water itself. 

Composite surfaces are formed on solids in 
a way so similar to that obta inin g on fluids 
(of. Phil. Mag., 1919, xxxviii. 49) as to make 
it practically certain that they have the same 
general structure, namely, marked orientation 
of the molecules. Consider two such com¬ 
posite faces applied to one another; the orienta¬ 
tion may be disturbed by mutual attraction 
between the molecules of the films but it will 
not be destroyed. The applied faces now form 
a region which varies rapidly in constitution 
along the normal to the interface, and its 
boundaries are indefinite, for we do not know 
how far into the solids the molecular pattern 
characteristic of the region extends. 

The film on a solid face, by more or less 
completely saturating the attractive forces, 
lessens the capacity for cohesion. Its presence 
therefore is one, but not the only one, of the 
causes why solids do not weld when pressed 
together. It also lessens the frictional resist¬ 
ance of the face. 

The thinnest continuous film of foreign 
matter which can be deposited on a clean 
surface of water is one molecule thick. It is 

2p 


VO I,, r 
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the film which is formed when the area of the 
water face is large enough to permit of the 
substance, e.g. oleic acid, spreading as far as 
it has a tendency to. The thickness of films 
formed in a similar way on solid surfaces has 
not yet been directly measured, but analogy 
justifies us in assuming that if the area is 
large enough the film will also be one molecule 
thi ck and that it can be thickened by con¬ 
tracting the area in reference to the quantity 
of foreign substance present in it. It must be 
admitted that the relation of the friction to 
the thickness of film on each solid face is 
difficult to follow, but the evidence so far avail¬ 
able points to the conclusion that static friction 
decreases as the layer of the lubricant is in¬ 
creased, but rapidly reaches a minimum when 
it begins to increase until the critical thickness 
of the film is reached beyond which flotation 
occurs. At the critical thickness static friction 
falls more or less abruptly to zero. 

The fact that the layer of lubricant manifests 
static friction proves that it behaves under 
tangential stress like an elastic solid. If it be a 
fluid when in mass the effect of the attractions 
of the solid faces, combined with the traction, 
must therefore be to confer on a thin layer 
both orientation of its molecules with respect to 
the normal, and also solidity. The orientation of 
the molecules spoken of above is due to the 
fact that the attraction of the molecules of 
the solid faces is not the same for all parts 
of a molecule of the lubricant. We may sup¬ 
pose, for instance, that the attraction for the 
- COOH or - OH group is greater than for 
the remainder of a carbon chain. The orienta¬ 
tion of the molecules of the lubricant will 
therefore be greatest at the solid faces and 
least midway between them, because it tends 
continuously to be upset and give way to the 
random relations of the interior of a fluid. 
The layer of lubricant, therefore, even if it be 
only two molecules thick, varies rapidly in 
structure along the normal, and the peculiar 
feature of boundary friction is that the 
stresses occur in a medium which is excessively 
heterogeneous along one axis, namely, the 
normal to the solid faces, and homogeneous 
along the tangential planes. 

The friction, whether static or kinetic, is 
merely-an expression of the strain produced 
in the tangent planes by the tractions, and 
the peculiar features are due to the hetero¬ 
geneity of the material winch tends to confine 
the yield point when static friction gives way 
to kinetic friction to a single tangent plane 
instead of the yield being distributed through¬ 
out the mass as in a homogeneous fluid or 
elastic solid. 

The frictional resistance—the “ tangential 
component of the reaction,” as French writers 
fittingly call it—has its origin in the resistance 
of the atoms to displacement and, since the 


traction will tend to produce rotation, in 
resistance to disturbance of tho molecular 
orientation which is a configuration of minimal 
potential energy. When tho traction reaches 
a certain value fixed by the nature and con¬ 
figuration of the atoms and molecules of both 
lubricant and superficial parts of tho solids, 
the tangential reaction reaches tho maximum 
possible and there is “ yield ” on some particu¬ 
lar tangent plane, the position of which is 
indeterminate owing to tho fact that, because 
of the rotation spoken of above, tho distribu¬ 
tion of strain along the normal is a function 
of the intensity of the traction. The common 
equality between static and kinetic frictions 
follows'from tho fact that the former measures 
the greatest tangential reaction the system is 
capable of. 

The abovo hypothesis and the limitation 
imposed by our imperfect knowledge may be 
illustrated by considering tho friction of faces 
of bismuth in some detail. This metal is 
highly crystalline and so brittle that a plate 
a few millimetres thick can be broken like a 
biscuit. It is readily polished, and in tho 
process of polishing an amorphous layer is 
formed covering the crystal facets which pre¬ 
viously were easily visible to tho naked eye. 
This amorphous layer—which may be called 
the Beilby layer—is formed, as Boil by showed, 
by a flowing of the metal, and, like a truly 
fluid surface, it forms under the influence of 
surface tension. No polishing powder is needed 
to polish bismuth—the operation can bo per¬ 
formed by rubbing tho metal on the skin of 
the ball of the thumb. The skin then becomes 
covered thickly with a lino dust of metal, a 
considerable amount of material being rapidly 
removed from the surface, and the dust is 
seen under tho microscope to bo composed of 
spheres each '01 mm. in diameter. Tho forma¬ 
tion of these spheres can bo followed under 
the microscope. At tho edge of the plate tho 
flowing surface of the metal is detached in a 
thin sheet which breaks up into drops under 
the influence of its own tension. Tho structure 
of the dust and its mode of formation are 
therefore complete evidence of tho fluidity of 
the surface produced by rubbing. 

Consider now the structure of the material 
which is to he the seat of strain when two 
such polished faces are separated by a layer 
of lubricant only a few molecules thick. Start¬ 
ing in the mass of the metal wo have a magma 
of solid crystals cemented together j this is 
followed in order by tho Beilby film of un¬ 
known but slight thickness, tho lubricant, a 
second Beilby film, and finally a second 
crystalline mass. 

In each crystalline mass the molecules are 
disposed in a regular lattice. The disposition 
in the Beilby film is unknown, but the two 
arrangements are probably incompatible with 
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one another, so that the transition may be 
expected to ho abrupt. In the lubricant the 
molecules abutting on the bismuth face may 
be supposed to be more highly oriented than 
arc those in the middle of the layer. The 
whole region therefore includes four surfaces 
of discontinuity, namely, at the interfaces 
between the Jieilby films and the crystals on 
one side and the lubricant on the other, and 
a layer,, namely the lubricant, which varies 
l.ipidly in state, the variation being disposed 
symmetrically about an imaginary surface 
midway between the solid faces. It is obvious 
that it is impossible to predict where the yield 
(mint will lie under tangential stress in so 
heterogeneous a system, especially as, for 
reasons given above, the cohesion is a function 
of the traction. 

When, the friction is high-the metal is torn 
if any slipping takes place. This occurs when 
no lubricant is present save perhaps a film of 
condensed gas, and also when the lubricant is 
one which fails to reduce the maximum friction 
—that of clean faces—by 80 per cent. This 
may he interpreted iu two ways neither of 
winch, is free from difficulty. The first is that 
the yield point is at the interface between 
lubricant and solid, so that the layer of lubri¬ 
cant becomes broken and the solid faces come 
together. 

Tito evidence, however, goes to prove that 
tearing of the metal coincides with the in- 
(•option of slipping when the layer of lubricant 
must lie still intact, in which oaso we come to 
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the second interpretation, namely, that the 
yie . point -when the lubricant is capable of 
bearing a tangential stress above a critic] 
value is m the metal, possibly at the TnS 
face between the Beilby fibn and the crystals 
This second explanation is in better accord 
with many of the facts, but it leaves th- friction 
to be fixed by the yield point of the meSl S 
all except good lubricants. All •• f >ac j » 
lubricants therefore should be indistinguishable 
from one another—they should be “ neutW ” 
substances, as indeed they are for glass Th¬ 
is not the case for bismuth, as the fable" show ^ 
Ihe matter may be left at that. The ar m- 
rnent was entered into not because it eouldVe 
pushed to a conclusion—more investigation i, 
needed t° make that possible—but merely to 
illustrate wherein the difficulties lie. 


W. B. H. 
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MEASUREMENT, UNITS OE 1 

S (1) Fundamental Units. —The fundamental 
units on which all physical measurements 
are based are those of mass, length, and time. 
Two systems of units are at present in use: 
the Metric system, with the metre as the unit 
of length and the kilogramme as the unit of 
mass, and the Imperial or British system, in 
which the yard is the unit of length and the 
pound the unit of mass. The system used 
almost universally for scientific purposes is 
that in which the centimetre (= ono-hundredtU 
of a metre) is the unit of length, and the gramme 
(=one-thousandth of a kilogramme) is the unit 
of mass. This system is known as the centi¬ 
metre-gramme-second (O.G.S.) system.. 

The choice of units was in the first instance 
arbitrary, and no system based on actual 
physical entities, such as the velocity of light, 
gravitational attraction, etc., is in use. 

The most recent values of the metrical equiva- 
lents of the fundamental British units are those 
legalised in the Order in Council, of May 1 > 
1898. The equivalents of the units of length 
were obtained by Benoit in 1895, and of t le 
units of mass by Broch in 1883, at the Inter¬ 
national Bureau of Weights and Measures. 

The metric standards of length and mass are 
kept at the International Bureau of Weights 
and Measures in Sevres near Baris, and the 
Imperial units are preserved at the Standards 
Office of the Board of Trade, Old 1. alaco Yard. 

§ (2) Units oe Length, (i.) The Metre.— 
The metre is defined as the distance, at the 
melting-point of ioe, between the centres of 
two lines engraved upon the polished neutral 
weh surface of a platinum-iridium bar of nearly 
X-shaped section called the International 
prototype metre. This is a copy of the. original 
Borda platinum standard—-the mitre den 
archives —which was intended to be equal to 
10- 7 or one ten-millionth of the length of the 
meridian through Paris from Polo to Equator. 
According to Clarke’s figures the correct 
relation is a quadrant = 1-0007 x 10 7 metros; 
the mean of the values obtained by Helmort 
and the U.S. Survey for the mean polar 
quadrant is U0002I x 10 7 metres. The length 
of the bar as constructed is now taken as an 
arbitrary standard. 

(ii.) The Yard .—The yard was defined by 
the Weights and Measures Act, 1878, as the 
distance at temperature 02° F. between the 
central transverse lines in two gold plugs in the 
bronze bar called the Imperial standard yard, 
when supported on bronze rollers so as best 
to avoid flexure of the bar. . The bar is of 
1 inch square section, and is 38 inched long; the 

1 Most of the information contained in'tills article 
lias been taken by permission from the Computer s 
Handbook, of the Meteorological Office, to winch the 
reader is referred for further details. 


defining lines are at the bottom of two holes 
so as to be in the median plane of the bar. 

(iii.) Equivalents .— 

(a) Metric Units. 

Metro ... 1 m. =39.37008 in. 

= 3-280840 ft. 

= 1'093(513 yd. 

Kilometre . • 1 km. = 0-0213712 mi. 

(b) British Units. 


Mile 

Yard 

Boot 

Inch 


1 mi. =1009.344 m. 

1 yd. = (Ml 14400 m. 

1 ft. = 0-304800 m, 

1 in. = • 2-54000 cm. 

Nautical mile (English) “ = 18153-152 in. (Adm.) 

= 0080 ft. 

= 1-1515 statute mi. 

(c) Astronomical Units. —For astronomical 
work it is convenient to use larger units than 
those defined above. 

The astronomical unit is equal to the semi- 
major axis of the earth s orbit. 

1 astronomical, unit—1-495 x HP km. 

=9-289 x Ml 7 mi. 

Parsec. • • --distance at which the astr. 

unit subtends 1 second (1")- 
*2'00 x 10° astr. units approx. 

= 3-083 :< 10 ,!1 km. 

= 1-9158 x It) 13 mi. 

Liglit-yoar . - =tho distance travelled by 

" light in 1 year (velocity of 

light = 2-998(5 x ID 10 cm./soo. 
= 18(5,32(5 mi./scc.) 

=0-31 pai’Hoc. 

(iv.) Small Units. —For measurements of 
the wave-length of light and X -rays the unit is 
one ton-thousand millionth metro, and is known 
as a “ tenth-metro ” or the Angstrom unit. 


1 A.U.»10- M m. 
Ip. ■ I0' (i m. 

1 pn ■■■■'■■ Hr” m. 

1 mil. - - HI" 3 in. 


Angstrom unit 

Micron .... 

Millimicron . 

Mil . . • • 

(v.) Ancient French Units.— 

1 toise^O ft. . - 1-94903(50 m. - 2-1314918 yd. 
1 foot =12 in. » 0-3248304 in. - 1-005740 L ft. 

1 inch = 12 Paris 

lines , . =27-009953 mm . 1 1-0057401 m. 

lline . . = 2-255829 mm. . •■0-0882105 in. 

(vi.) Russian Mearntm .— 

1 vcmt--1-0(5078 km. «()-(503 mi. 

§ (3) Units ok Atuja.—M easures of area are 
based on the standard of length. 

(i.) Equivalents,— 

(a) Metric Units. 

Square centimetre: 1 om. 3 »« -1550 in. 3 

« .001070 ft. “ 

« .0001100 yd. 3 
100 m. 2 = l are. 

- -0-0988 rood. 

10,000 m. 2 -■=> 1 hectare. 

=2-4711 acre. 

“ Bee § (18) " Geodetic Measures." 
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(b) British Units. 
1 in. 2 . 

lft. 2 . . . 

lyd. a . 

1 acre . 

1 square mile 


= C-451G cm. 2 

= 929-03 cm. 2 
=8301-3 cm. 2 
=4840 sq. yds. 

= 0-4047 liectr. 

= 259-008 liectr. 
= 2-59 sq. km. 


§ (4) Volume (see also “ Measurements of 
Volume,” Vol. III.).—The unit of volume is 
based on the unit of length, hut in many cases 
the legal unit has been defined as the space 
occupied by a certain weight of a standard 
liquid—usually water—under standard con¬ 
ditions. 

(i.) Metric .—An attempt was made by the 
founders of the metric system to correlate the 
two units by defining the unit of mass as the 
mass of a quantity of water which at its 
temperature of maximum density occupied 
1 cubic decimetre ; the litre or unit of volume 
could then be defined as the space occupied 
by a kilogramme of water at its maximum 
density or as the space occupied by a cube 
with side 10 centimetres. The experimental 
relation now accepted is that 1 kilogramme 
of water at 4° C., and pressure 760 mm., 
occupies 1000-027 c.c. In 1872 the unit of 
mass was redefined as the mass of the Inter¬ 
national kilogramme in its actual state, and 
in 1901 the definition adopted for the litre 
was the space occupied by a kilogramme of 
water at its maximum density and under 
normal atmospheric pressure (760 mm.). 

(ii.) Brit ish .—In British units the gallon is the 
unit of volume, and is defined as the space occu¬ 
pied by 10 lbs. weight of distilled water weighed 
in air against brass weights at a pressure of 
30 in. and temperature 62° F. Units based 
on the unit of length are also in common use. 
(iii.) Equivalents .— 

(a) Metric Units. 

1 c.c. «* *0010 e. in. 

1 litre<4000-027 c.c. 

■03531 c. ft. 


1-7598 pint. 

= -2200 gal. 

(b) British Units. 

1 o. in. =a 10-387 c.c. 

1 o. ft. =28-317 litres = 28317 c.c. =0-22882 gal. 
1 c. yd. 0-7045 m. 3 
I pint - -5082 lit. 

1 gallon = 4-5400 lib. 


§ (5) Mash, MAasum q». (i.) Metric,— 
The International prototype kilogramme is the 
mass of a cylinder of platinum-iridium, which 
is a copy of tlio original Borda kilogramme™ 
the kilogramme des archives. 'This was intended 
to bo equal to the mass of a cubic deci¬ 
metre of pure water at its maximum density 
(see § (4-)). 

(ii.) British—The Imperial standard pound 
is the weight in vacuo of a platinum cylinder. 


(iii.) Equivalents. — 

(a) Metric Units. 

Kilogramme . . 1 kg. = 2-2040223 lb. 

Gramme . , . 1 g. = 15-432350 gr. 

Metric torme . . 1 1. = 1000 kg. 

= 2204-622 lb. 

= 0-9S42 ton. 

( b ) British Units. 

Pound ... 1 lb. =453-59243 g. 

Ounce (avoir.) . 1 on. = 28-3495 g. 

Ounce (troy and 

apothecary) . 1 oy. = 31-10348 g. 

Grain . . . 1 gr. = 0-00479892 g. 

Ton . . ■ 1 ton= 1-010047 x 10° g. 

§ (6) Density. —The density of any sub¬ 
stance is the mass of unit volume, and is 
measured in grammes per cubic centimetre, or 
in pounds per cubic foot. The term specific 
gravity is occasionally used to denote the 
density of a substance relative to that of 
water. 

1 g./c.e. =02-4.3 lb./c. ft. 

1 lb./c. ft. = -01002 g./c.c. 

(i.) Density of Water .—Water has its maxi¬ 
mum density at 3-98° C. when pressure is 760 
mm.; at other pressures the temperature of 
maximum density is given by the formula 
i m = 3*98-•0225(23 -1), where p is measured 
in atmospheres. 1 

The density of pure water under one 
atmosphere for different temperatures is as 
follows: 


TomtHii-alim-e ft. 

Penalty g./ce. 

208 • - • 

. . -99930 

' 273 . 

. . -99987 

277 . • 

. 1-0000 

293 . • 

. -99823 

323 . . . 

. -9881 

373 . 

. -9584 

Density of mercury at 

the normal freezing 


point of water = 13-5955 g./c.e. 

(ii.) Density of Dry Air .—The density of 
dry air varies with pressure and temperature 
according to the formula 


For dry air free from C0 2 Regnault obtained 
the value /)„ = 1292-78 g./m. iJ for p 0 = 760 mm., 
273, which gives 

p = 348-32l|, 

where p is measured in millibars. The addition 
of 0-04 per cent 00 9 increases the value of p 0 
by 0-021 per cent, and the formula bocomes 

p = 348-394^- 

i.e. p = 1201 g./m. 3 approximately at 1000 mb. 
and 290 a. 

1 Kaye and baby, Physical and Chemical Constants, 
1918, p, 22. 
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(iii.) Density of Damp Air .—The density of 
damp air may be obtained from the density 
of dry air by means of the formula— 

Jb(P~ 0-378^ 

P p 

■where p D is the density of dry air, 
p is the total pressure, 
e is the vapour pressure. 


Hence 


-P : 


=348-394 ff -° r 3 - 7 ~. 


§ (7) Time, Measure of. —The standard of 
time is derived from the period of the earth’s 
rotation, and the unit of time in both metric 
and British systems is the mean solar second 
which is equal to 1/24 x 60 x 60, i.e. 1/86400 
mean solar days. 

A true solar day is defined as the interval 
between successive transits of the centre of 
the sun’s disc over a meridian, but this interval 
varies throughout the year, and in order that 
the civil day may be of uniform length, 
standard time is measured with reference to 
a “ mean sun ” which is supposed to revolve 
uniformly round the earth in a time equal to 
the average length of the true solar day. 

(i.) The mean solar day on which the* defini¬ 
tion of unit time is based is therefore defined 
as the average interval between successive 
transits of the centre of the sun across any 
given meridian. 

(ii.) The tropical or solar year is the average 
interval between successive passages of the 
sun across the first point of Aries (the first 
point of Aries is the 
point of intersection of 
the celestial equator 
with the ecliptic where 
the sun crosses the 
equator from south to 
north). 

(iii.) The Civil Tear. 

■—According to the 
Julian calendar the civil year contains 365 
days for three successive years, the fourth 
year containing 366 ; a further correction is 
made by which a century year contains 365 
days unless divisible by 400, when it contains 
366. 

The average value of the civil year 
365x303+366x97 
400 

=365-2425 days, 

and is accordingly approximately equal to the 
solar year, which contains 365-2422 mean solar 
days. 

(iv.) The Sidereal Day is defined as the 
interval between two consecutive transits of 
the first point of Aries across any selected 
meridian, and is therefore equal to the period 


of rotation of the earth with reference to the 
fixed stars—the value is 23 hours, 56 minutes, 
4-0906 seconds. 1 

(v.) The Sidereal Year is the time interval in 
which the sun appears to perform a complete 
revolution with reference to the fixed stars. 

(vi.) Equivalents .— 

1 tropical or solar 


year . 

=365-2422160 moan solar days. 

1 sidereal year 

=300-2504 sidereal days. 
=305-2504 mean solar clays 
(epoch 1900). 

1 mean solar day 

=80,400 sec. 

=0-002737909 moan solar years. 
= 1-00273791 sidereal days. 

=24 hr. 3 min. 50-50 sec. in 


sidereal time. 

1 sidereal day. 

=80,104-0900 see. 

=0-99727 mean solar days. 

=23 In-. 56 min. 4-09 sec. in 
mean time. 

If 1 year . 

=300°, 

1 mean solar day = 0°59' 8-33". 
1 week . . =6° 53' 58". 
30 days . . =29° 34' 10". 

1 hour 

= 1-140795 xl0~ 4 year. 

=0° 2' 27-847". 

1 minute . 

= 1-90132x10-° year. 

=2-404". 

1 second . 

=3-108800 x ID" 8 year. 
=0-041006". 

Length of the 
■ 39-13929 in. 

seconds pendulum in London 


(vii.) Rotation of the Earth .— 

Relative to a star . w=0-00007292 r./s. 


Relative to the sun 


1 hr. < 
1 ° - 


T5° 

=4 min. 



Revolutions. 

Radians. 

Degrees, etc. 

Sidereal day. 

Moan solar day . 
Hour . 

Minute . 

Second . 

1 

1-00273791 
4-178075 xlO- 1 
0-903458 x 10- 4 
1-100576 x 10~ 5 

2 rr 

0-300388 
2-025102 xlO’ 1 
4-375270 XlO' 3 
7-292110x10-° 

300° 

300-98565° 

15-04107° 

15-04107' 

15-04107" 


§ (8) Standard Time. —For tlio .British 
Isles and the greater part of Western Europe 
(France, Belgium, Spain, and Portugal) Green¬ 
wich Mean Time is the standard and is known 
as G.M.T, or W.E.T. (Western European Time). 
For other countries a system of zono time has 
been adopted in which the time is referred to 
some standard meridian chosen so that the 
difference between the standard time for the 
zone and G.M.T. is a whole number of hours 
or half-liours. Thus zone 0 lies between 
7-j- W. and 7£ E. and keeps the time of meridian 
0°, i.e. G.M.T. ; zone 1 lies between 7| W. 
and 22\ W., and keeps the time of meridian 
15° W., i.e. one hour behind G.M.T.; zono 

1 Owing to the “precession ” of the earth’s axis the 
true period of the earth’s rotation is approximately 
•01 secs, longer than the sidereal day. 
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-1 is between 7-Jj E. and 22.V E., and keeps 
the time of meridian 15° E., one hour in front 
of G.M.T. Some adjustment of the zones is 
made on account of political boundaries. 

(i.) Local Mean Time. —In order to convert 
time in G.M.T. into local mean time add 4 
minutes for each degree of longitude for places 
east of Greenwich, and subtract 4 minutes for 
each degree for places west of Greenwich. 

(ii.) Apparent Time. —Time based on the 
length of the true solar day is called “ apparent 
time,” and it is this which is measured by a 
sundial or sunshine recorder. In order to 
obtain local apparent time from local mean 
time a correction must bo applied, known as 
the equation of time. The correction is zero on 
April 1(3, June 15, September 1, and December 5, 
reaches maxima of + 1(3 minutes 21 seconds on 
November 3, and + 3 minutes 49 seconds on 
May 14; and minima of - 14 minutes 25 seconds 
on February 12, and - 6 minutes 18 seconds 
on July 20—a positive sign meaning that the 
value is to bo added to mean time to obtain 
apparent time, and a negative sign meaning 
that the value is to be subtracted. Accurate 
values of the equation of time for each day 
are given in the Nautical Almanac. 

(iii.) Sidereal Time..— If a great circle be 
drawn from the polo to a star, the angle this 
hour circle makes with the meridian is termed 
the hour angle.. The hour angle west of the 
first point of Aries, turned into time at the 
rate of 15° per hour, is known as sidereal time, 

(iv.) Summer Tima. —Since 191(5 it has been 
the practice in most countries of Western 
Europe to use Summer Time, which is one 
hour in advance of G.M.T. The period over 
which summer time extends varies in different 
countries and from year to year. 

§ (<)) MMAStritKS ok Anoee.— 1 The symbol r 
is used to denote the ratio of the circumference • 
of a circle to its diameter. 

7T- 3*141502(35, 
log 7T = 0*49715, 

7T 

log PY-!''50285. 

yjr/ 

(i.) The Radian.- The unit of measurement 
for angles is the radian, which is equal to the 
angle subtended fit the centre of a circle by 
an are. of length equal to,the radius. 

7T radians = « 180°, 

1 radian .-57*29578 n 

0.(57" 17' 44*81", 

1° . « 0*017453 radians, 

(ii.) The Point.- .Wind direction is ofton 

measured in points where 

1 point-A (300°)-111 0 * 

§ (10) Velocity, Mjuatmis ok.*— The velocity 
of a body is defined as the ratio of the distance 


moved through to the time that is taken; 
the unit of velocity is such that unit distance 
is moved through in unit time, and is accord¬ 
ingly fixed by the fundamental units of space 
and time. 

In the metric system velocity is measured 
in centimetres per second (C.G.S. unit), metres 
per second, or kilometres per hour ; and in the 
British system in feet per second, miles per 
hour, or knots. The unit chosen depends to 
a large extent on the magnitude of the quan¬ 
tities to be measured. 

The equivalents of the several units are as 
follows: 

(i.) Metric Units .— 

Contimotro per second: 1 cm ./a. =0*0328084 ft./s. 

=0*022309 mi./lir. 
=0*019435 knots. 

Kilometre per hour: 1 km./hr. =0*0213712 mi./hr. 
(ii.) British Units .— 

Foot per second: 1 ft./s. =0*304800 m./s. 

Mile per hour ; 1 mi./hr. =0*44707 m./s. 

= 1*009344 km./hr. 

Knot... 1 knot = 1 nautical milo/hr. 

= 1*1515 mi./hr. 
=0*51453 m./s. 

(iii.) Velocity of Light. —The mean value of 
the velocity of light in vacuo is 2*998(3 x 10 10 
cm./sec, = 18(3,326 mi./aec. 

(iv.) Angular velocity is measured in radians 
per second (1 radian = 57*29(3°), or in the 
number of revolutions per unit time. 

§ (11) Aooemuation, Measure of. —The 
unit of acceleration is such that in unit time 
the velocity changes by unit amount, and it 
depends therefore solely upon the units chosen 
for length and time, and has dimensions, 
velocity/time, i.c. L/T 2 . 

(i.) Metric Units. —The C.G.S. unit is the 
“ gal.,” which is 1 centimetre per second per 
second. 

1 gal. ==1 ont./s.® =0*0328084 ft./s. a 
1 loo. = 1 doeametro per second per second. 

1 iuilHgal.«10" 8 om./s. 2 ^ 

= 10 micron/s. 2 

(ii.) British Units.— 
ljoot per second per second=30*4800 cm./s. 9 
For acceleration of gravity, see § (17) 
“ Gravity.” 

§ (12) Force, Measure of. -—Force is 
measured by the acceleration produced in 
unit mass, and unit force is that which would 
produce unit acceleration in unit mass. Force 
may also bo measured by change of momentum 
per unit time, and has therefore the dimen¬ 
sions of momentum/time=ML/T 2 . 

(i.) Metric. Units.— The unit on the C.G.S. sys¬ 
tem is the dyne, or the force which accelerates 
or retards the velocity of a mass of 1 gramme 
by 1 cm. per second per second. A gravita¬ 
tional unit whioh is the weight of 1 gramme is 
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also used; it is equivalent to g dynes, and 
therefore varies with latitude and height above 
sea-level (see § (17) “ Gravity ”). 

(ii.) British Units. —The British unit is the 
“ poundal,” the force which in one second 
retards or accelerates the velocity of a mass 
of 1 lb. by 1 ft. per sec. per sec. The corre¬ 
sponding gravitational unit which is commonly 
employed by engineers is the weight of 1 lb. 
= g poundals. 

(iii.) Equivalents .— 

1 dyne . . = 1 gramme centimetre per second 

per second. 

=weight of -00102 g. 

=7-233 x 10" 5 poundals. 

1 gramme weight=980-6 dynes at latitude 45°. 

=081-2 dynes at London. 

=978-1 dynes at the Equator. 

=983 dynes at the Pole. 

1 poundal . = 13,825 dynes. 

1 pound weight = 32-172 poundals at sea-level in 
latitude 45°. 

=4-45 x 10 5 dynes. 

§ (13) Work and Energy, Measure of. — 
A force is said to do work when its point of 
application moves in the direction of the force, 
and the work done is measured by the product 
of the force and the distance through which 
the point of application moves. 

Energy is measured by the work which a 
body can do ; it may take the form of: 
Potential energy or energy of position, 
Kinetic energy or energy of motion, 
Thermal energy or energy of heat. 

(i.) Metric Units. —The unit on the O.G.S. 
system is the erg, whioh is the work done by 
a force of 1 dyne when its point of application 
is moved through 1 cm.; usually a unit 
10 7 ergs = l joule is used. A practical unit is 
the lulogramme metre, which depends on the 
value of g. 

(ii.) British Units. —The British unit is the 
“ foot-poundal,” with a corresponding gravita¬ 
tional unit the foot-pound. 

(iii.) Equivalents (g — 981 cm./s. 2 ).— 

1 erg . . . . =grammo (centimetre per 

second) 2 . 

=2-3731 x 10- a foot-poundals. 
=7-373 x lO" 8 ft. lbs.* * 

1 joule . . . =10 7 ergs. . 

1 kilogramme metre = 10 B gramme cm. 

=j/xl0 B ergs=9-81 x 10 7 
ergs.* 

1 Board of Trade Unit 
(B.T.U.) . . =1 kilowatt-hour. 

=3-15 X10 13 ergs. 

Foot-pound: 1 ft. lb. = 13826 gram. om. 

= 1-3662 x 10 7 ergs * 
Foot-poundal . . = 4-2139 X10 B ergs. 

Foot-ton . . = 2240 ft.-lbs. 

= 3-097 xlO 7 g.cm. 

=3-0380 xlO 10 ergs.* 
marked with an asterisk (*) are 
^ of the acceleration of gravity g. 


(iv.) Rate of Working. —The rate at which 
force does work is measured in units of work 
per second. 

On the GG.S. system the unit is 1 erg per 
second or g.(cm./s.) 2 /s. The practical unit is 
the “ watt,” which is equivalent to 1 joule 
per second. 

In British units the common unit is the 
horse-power = 550 ft.-lbs. per second. 

(v.) Equivalents. —- 
1 watt . . ' = 10 7 erg/s. 

= 1 joule per second. 

= l-34x 10" 3 liorse-power, 

1 liorse-power . =550 ft.-lbs, per second. 

=7-46 x 10” erg/s. 

=746 watts. 

1 force do clioval =7-36 X 10® erg/s. 

§ (14) Pressure, Measure of. (i.) Units. 
—Pressure is the force per unit area which 
any liquid or gas exerts on the surface in 
contact with it. The unit of pressure is that 
produced by unit force acting on unit area, 
and on the O.G.S. system is a force of 1 dyne 
per square centimetre, on the British system 
a force of 1 poundal per square foot. Units 
depending on the value of g, such as 1 
gramme weight per square centimetre or 1 lb. 
weight per square foot, are also in common 
use. 

(ii.) Barometric Pressure, Bar and Milli¬ 
bar. —-After the introduction of the barometer 
pressure came to be measured as the length 
of a column of fluid, usually mercury (see 
“Atmosphere, Physics of,” § (1)); and this 
length was subsequently corrected for varia¬ 
tions in the value of g and of temperature. 
The relation between the “ mercury - inch ” 
and the “ mereury-millimetre ” and the value 
of pressure in units of force is obtained from 
the equation 

lpg= pressure in dynes per square centimetre, 

where l is the length of the column in centi¬ 
metres, p is the density of mercury in grammes 
per cubic centimetre, g is the acceleration of 
gravity in cm./s. 2 

More recently the practice has become 
established of measuring the pressure of the 
atmosphere in units of force, and for this 
purpose the millibar, which is equivalent to a 
pressure of 1000 dynes per square centimetre, 
has come into use in the British Isles (see 
“Millibar”). The normal atmospheric press¬ 
ure at sea-level is 1013-2 millibars, which 
differs little from 1 bar. .In the United 
States the “bar” is taken as equivalent 
to 1 dyne per square centimetre, and the 
pressure of the atmosphere is measured in 
kilobars, which are equivalent to the English 
millibars. 
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(iii.) Equivalents .— 

0 , 0 . 8 . 

I dyne per aq. cm. = 1 microbar (=1 bar U.S.A.). 

= 1-45 x 10" 5 lbs./sq. in. 

= 24)5306 x 10“ 5 mercury-inches. 
=7-50076 x 10“ 4 mercury-milli¬ 
metres. 

i millibar . . =1000 dynes per square centi¬ 

metre. 

= 1 kilobar (U.8.A.). 

1 uoiitibar . . =10 millibars. 

British Unit. 


Moreury-iueh . a l inch of mercury at 32° F. 

in latitude 45°. 

=33-8632 mb. 

Mercury-millimetre = 1 mm. of mercury at 0° C. in 
latitude 45°. 

. = 1-333200 mb. 

760 mm. =1013-231 mb. 

1000 mb. • 14-HM1 lb.,-in.- '\. r , 

- 2087-424 lb./CtA j m L ° lldon - 
1 lb./mp in. 4)8,1)71 dyncs/cm. 2 =70-31 gm./cm. 2 
1 ton/Hq. in. ==1-545 x 10 s dynes /cm. 2 = 1-575 
kgm./mm. 2 


Jlumitm Half-lines (normal at 62° F.). 

1 half-lino «1-68801 mb. = -0498 in. 

600 Imlf-lines = 1012-804 mb. 

Tin! standard t: atmosphere ” is equiva¬ 
lent to 

760 mm, mercury at 0° (lat. 45°, and sea-level. 

750-1 mm. mercury at 0° 0. in London. 

; 20-02 in. mercury at 0° Cl, lat. 45°, and sea- 
level. 

. . 1-0132 x 10" dynes per cm. 2 

r, M-7 lbs. pel* sq. in. 

(1-0-1, tons per Hip ft. 

§ (lfi) Tmm i *bh at.’ uit h, Miusmua op. —Three 
arbitrary scales are in use for the measurement 
of kmipemture, viz. the Centigrade, the 
Fahrenheit, and the Reaumur. In all the 
Uxotl points of the scale are—(1) the tem¬ 
perature of ieo when melting under standard 
atmospheric pressure of 7(50 mm. (10111*2 mb .); 
and (2) thn temperature of steam from water 
boiling normally under pressure 7(50 mm. 
The neales differ, however, in the numerical 
values assigned to these two _ tempera¬ 
tures, and consequently in the size of the 


degree. 

(i.) Oi align ale . Oil the OcMignak scale, 
which is now used almost universally for 
Hciontilio purposes, the temperature of melting 
lee is (alien as the zero, and the temperature 
of boiling water as UK) 11 . Temperatures on 
this scale are denoted by HX following the 
value, uud for values below the melting-point 
a negative sign is prefixed. 

(ii.) Fahrenheit. .Oil the Fahrenheit scale, 

which is commonly used in the British Isles, 
the melting-point of ieo is 32° F., and the 
boiling-point of water Is 212° F. Ihe scale 
was originally introduced by Fahrenheit in 
the early part of the eighteenth century. 


The zero denoted the lowest temperature then 
reached, viz. the temperature of a mixture of 
ice and salt, and the normal temperature of the 
human body, which was found to be nearly 
constant, was taken as 24", the melting-point 
of ice being 8°. The size of the degree was 
then reduced to one-fourth, and the fixed 
points became 0°, 32°, and 96°. The scale was 
subsequently redefined to agree with the centi¬ 
grade scale at 0° C. and 100" C. 

(iii.) The Reaumur Scale. —On this scale the 
melting - point of ice is indicated bv 0" R., 
and the boiling - point of water by SO" R. 
The scale was until recently in common use 
oil the Continent, but is gradually being 
replaced by the centigrade scale. 

(iv.) Absolute Scale. —The absolute scale of 
temperature, sometimes known as the thermo¬ 
dynamic or work scale, was originally intro¬ 
duced by Lord Kelvin, and is based on a 
consideration of the amount of %vork which 
can be obtained from a heat engine for a 
given supply of heat. The zero is such that 
a heat engine working between any source 
and a receiver at the zero of temperature 
would convert all the heat taken in into work 
(see “ Thermodynamics,” §§ (21), (22)). 

If the size of the degree is taken as equal to 
that on the centigrade scale the temperature 
of absolute zero is approximately - 273° C.; 
for degrees on the Fahrenheit scale the tem¬ 
perature of absolute zero is - 459-44" F. 
The centigrade thermodynamic scale is adopted 
as fundamental by the National Physical 
Laboratory in view of resolutions of the Fifth 
General Conference of Weights and Measures, 
1913. 

The scale of the hydrogen gas thermometer 
at constant volume is nearly coincident with 
the work scale. Some of the more recent 
values for the absolute temperature of the iee 
point on the hydrogen scale are 273-14 (Cal- 
lendar, 1903), 273-05 (Berthelot, 1907), 273-06 
(Buckingham, 1908), 273-13 (Rose-Innes, 

1908). 

The name “ Tercentesimal ” has been sug¬ 
gested for an approximate absolute scale, 
taldng the zero as — 273° C., and Quingente- 
simal ” for a scale in Fahrenheit degrees 
measured from - 459° F. 

(v.) Kilogmd Scale.—A fifth scale recently 
suggested by Professor McAclie is one in "w hic-h 
the zero is taken at —273° C., and the degree 
is one - thousandth part of 273 centigrade 
degrees; the normal freezing-point is there¬ 
fore taken as 1000. 

(vi.) Equivalents. —The relations between the 
scales are as follows : 

C. = |(F - 32) = §R=A — 273 (approx.), 

32 +1C=32 -f~f R=f A - 459-4, 

R. = $(]? — 32) = fC=4( A — 273), 

I A. = | (459 - 4+F) = 273 + C=|(218-4 4- R)- 
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The relation between the size of the degrees 
on the four scales is 

1°C = 1° A = f°F=f° E. 

§ (16) Heat, Measure op Quantity, (i.) 
Units. —The empirical unit for the measure¬ 
ment of quantity of heat is the amount of heat 
required to raise the temperature of unit mass 
of water through one degree, and depends on 
the unit chosen for the measurement of mass 
and on the scale of temperature. 

In physical investigations the unit of heat 
is the gramme-calorie, or the heat required to 
raise 1 gramme of water through a temperature 
of 1° C. 

The unit of heat in British units, known 
as the British Thermal Unit, is the quantity of 
heat required to raise the temperature of 1 lb. 
of water through 1° F. 

■ The unit of heat so defined is not the same 
at different points of the scale, and for pre¬ 
cision the limits through which the tempera¬ 
ture is raised must be specified. The unit 
used by Regnault—the “zero-gramme-calorie” 
—was the quantity of heat required to raise 
1 gramme of water from 0° to 1° 0. The 
20° 0., and 15° C. calorie, are also used to 
denote the value of the calorie for T = 20° C. 
and T = 15° 0. respectively. More recently 
Professor Callendar lias defined the “ mean 
calorie ” as one-tenth of the quantity »f heat 
required to raise 1 gramme of water from 
288 a. to 298 a.—15° 0. to 25° C.; the same 
term is, however, sometimes used to denote 
one-hundredth of the heat required to raise 
1 gramme of water from 273 a. to 373 a. 

1 British Thermal Unit = 777 ft.lbs. = 252-00 calories. 

1 calorie . . . =0-00397 B.Th.U. 

The large caloric, or 
major calorie . =1000 calories. 

(ii.) Dynamical Equivalent of Heat. —When 
it became recognised that heat is a form of 
energy, it became possible to connect the 
empirical units defined above with the funda¬ 
mental units of mechanics. The relationship 
depends on the experimental determination 
of the mechanical energy equivalent to a 
certain quantity of heat, a quantity which has 
come to be known as the Mechanical or 
Dynamical Equivalent of Heat. 

The fundamental relation is 

1 mean calorie (273 a.—283 a.) =4-184 joules. 

1 20° calorie . . ... =4-180 joules. 

The reciprocal of the dynamical equivalent 
usually denoted by A = 0-239. 

(iii.) Capacity for Heat, —The capacity for 
heat of any substance in calories (or B.Th, 
TT" U "' the quantity of heat required to 
ass through 1° 0. (or 1° F.). 

'fie heat of a substance is the ratio 
” heat to the capacity for 


heat of water at some standard temperature. 
For standard temperature 293 a. the specific 
heat is numerically the same as the capacity 
for heat in calories per gram per degree. 

(v.) Specific Heat of Water . 1 —The value of 
the specific heat of water at various tempera¬ 
tures is as follows (Kaye and Laby for 20° 
calorie): 


Temperature. 

Specific Heat. 

Joules. 

273 a. = 0° C. 

1-0094 

4-219 

283 a. = 10° C. 

1-0027 

4-191 

293 a. = 20° C. 

1-0000 

4-180 

303 a. = 30° C. 

•9987 

4-175 

313 a. = 40° Q 

•9982 

4-173 

323 a. = 50° G. 

•9987 

4-175 

’ 333 a. = 60° C. 

1-0000 

4-180 

343 a. = 70° 0. 

1-0016 

4-187 

353 a. = 80° 0. 

1-0033 

4-194 

363 a. = 90° C. 

1-0053 

4-202 

373 a. = 100° C. 

1-0074 

4-211 

39.3 a. = 120° C. . 

1-0121 

4-231 

413 a. = 140° G. 

1-0176 

4-254 

433 a. = 160° G. 

1-0238 

4-280 

453 a. = 180° G. 

1-0308 

4-309 

473 a. =200° C. 

1-0384 

4-341 

493 a. =220° C. 

1-0467 

4-370 


The specific heat of sea water at 290 a. =0-94, 
ico at 200 a. =0-502. 

(vi.) Specific Heat of Oases. —The specific 
heat of gases has different values according as 
the temperature is raised at constant pressure 
or at constant volume. 

Dry air at constant press¬ 
ure at 203 a. (C») . =0-2417 (Swann, 1009). 

Dry air at constant volume 
(C!„) at 273 a. . . =0-1715 (.Toly, 1891). 

Water vapour at constant =0-4652 (Holbnrn and 
pressure at 373 a. . Henning, 1907). 

Water vapour at constant 
volume at 373 a. . =0-340 (Pier, 1909). 

The ratio of the specific heats, usually de¬ 
noted by k or y = CJC v , is a quantity of some 
importance. 

Velocity of sound in any gas • = \Ay. p/p. 

For a gas expanding adiabaticially jpi>K=eoiiHt. 

T Ijft const. 

For dry air ..... 7=1-40 
( 7 - 1 )/ 7 =- 286 . 

(vii.) Latent Heat.—The latent heat of vapor¬ 
isation is the amount of heat required to change 
1 gramme of substance from liquid to vapour 
without change of temperature. 

Latent heat of steam at 273 a. =697 calories. 

=2495 jouloH/g, 

Latent heat of steam at 373 a. =539 calories. 

=2252 joulos/g. 

1 For a discussion of hills quantity and values in 
terms of a 17-5° C. calorie, see “Heat, Mechanical 
Equivalent of§§ (7), (9). 
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The formula connecting latent heat and 
temperature given by Smith 1 is 


L = 597-2 - -580(T -- 2715), where L is in calories. 

L T =2495 - 2-43(T - 273), where L is in joules. 

The latent, heat of fusion is the quantity of 
heat required to convert 1 gramme of sub¬ 
stance from solid to liquid without change of 
temperature. 

Latent heat of 1 gramme of water =*70-77 calories. 

=3334 joules/g. 

§ (17) Gravity, Measure oi?.—T he law of 
universal gravitation is that every body 
attracts every other body with a force which 
varies directly as the product of the two 
masses and inversely as the square of the 
distance between them. 

(i.) The constant of gravitation is the constant 
G in the law of attraction set out above, and 
is defined by the equation 


Force of attraction 


..,mass x mass 
' (dish.)- ’ 


G = 6-0570 x 1CH cm.’Vg.s. 2 (Boys). 

(ii.) The acceleration of gravity is the accelera¬ 
tion produced in any body by the force of 
the earth’s attraction; as actually measured 
the acceleration is that due to the earth a 
attraction minus tho centrifugal force of the 


earth’s rotation. 

Owing to tho fact that tho earth is not 
perfectly spherical in shape, but is more 
nearly a spheroid, and also on account of tho 
variation with latitude of the centrifugal force 
of the-earth’s rotation, and tho irregularities 
in tho density of tho earth’s surface, tho 
formulae giving tho variation of g ovor tho 
earth’s surface are complicated. 

A formula of tho following form is given by 


Hohnort: 


g A(1 | B sin 2 </>)(! 


2 h 3 h 5 

ir h 2R r 


h'(C)-O) 
.21! A 


+y 


■where <J> is tho latitude, it the mean radius 
of the earth, h height above sea - level, 
h'-~ thick ness of surface strata of low density, 
A— mean density of tho earth. (5• (i x density 
of water), fi —mean density of surface strata 
(2-8 :< density of water), tl -~-actual density of 
the surface strata in the region, y~~ oro- 
graphieal correction due to neighbouring 
mountains. 

Assuming that <? - 0 and y is negligible, wo 
obtain 

f/: ,980-017(1 -■ *00250 cos 20)^1 -J 


In British units, putting R = 2-09 x 10 7 feet, 
g- 32-172(1 - -00259 cos 2</>)(l -5-97 x 
where h is in feet. 

The above formula applies to places on 
the earth’s surface at different heights 
above sea-level, and takes account of the 
additional attraction of the high ground; 
for points above the earth’s surface the factor 
R 2 /(R + Ji) a = l./(l + /i/R) a ! which is approxi¬ 
mately equal to 1-2/i/R if hj R is small, 
replaces 1 - 57i/4R. 

(iii.) Centrifugal Force of the Earth's Rotation. 
—On account of the rotation of the earth the 
acceleration produced in any body is the 
resultant of tho acceleration produced by the 
gravitational attraction of the earth, and the 
acceleration produced by the centrifugal force 
of the rotation. This latter component is 
equal to - Kw 2 cos 2 </>, where R is the radius 
of tho earth and to the angular velocity. 

At the equator R = 0-377 x 10 8 cm., and since 
w = 7-292 x 10~° r./s., 

.-. Rw 2 = 3-39 cm./s. 2 , 

hence for latitude <p the value of g is diminished 
by Rw 2 cos 2 (j>, i.e. by 3-39 cos 2 </> cm./s. 2 , on 
account of the rotation of the earth. 

§ (18) Geodetic Measures, (i.) The 
Nautical Mile.— According to the definition 
adopted in England and the United States, 
the nautical mile is equal to the length of 
one minute of arc of a groat circle on a spherical 
earth assumed to have the same area as 
Clarke’s ellipsoid (see below). 

On tho Continent tho terms “nautical 
mile ” and “ geographical mile ” are inter¬ 
changeable, and both are defined as tho mean 
length of arc of one minute of latitude which 
varies from 1842-7 m. at the equator to 
18(11-3 iu. at the poles. 

Adopting the English definition for nautical 
mile, 

Nautical mile . =1853-152 m. (Admiralty). 

=*0080 feet. 

*4-1515 statute miles. 

Geographical milo-1862 m. (Annuaire tlu Bureau 
Central des longitudes). 
=*0070-8 feet. 

(ii.) Clarice's Miptoiil—Tho surface of the 
planet as determined by “ sea r level ” is 
approximately an ellipsoid, known as Clarke’s 
ellipsoid, with axes as follows : _ 


whore f / 980-017 is the value of gravity at 
sea-level in latitude 45°. 

Putting R---0-37 x 10« metros, 
g 980-01.7(1 — -00259 cos 2</>)(l -1*96 x I0~ r h), 
whore h is in metres. 

* Phyt. Rev., 1007, 


Semi-polar axis . *=(>,350,008 m.; 

Semi-equatorial axes® 0,378,204 m. and 
0,370,350 m.; 

and according to Clarke’s figures: 

1 quadrant—10,007,000 m. 
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The values of the radii have also been given 
as follows: 


Equatorial 

Radius. 

Polar 

Radius. 

m. 

Clarke, 1880 . . 6,378,249 

Helmert, 1906 . . 6,378,200 

U.S. Survey, 1906 . 6,378,388 

m. 

6,356,515 

6,356,818 

6,366,909 


(iii.) Geodetic Constants .—The mean polar 
quadrant = 10,002 kilometres (determined from 
a mean of Helmert and U.S. Survey). 

Value of g : Equator . =978-024 cm./s. 2 

Lat. 45° . =980-017 cm./s. 2 

London . =981-19 cm./s. 2 

Pole . . =983-210 cm./s. 2 

Mean density of earth . =5-5 g./c.c. approx. 

Mean density of surface of 
earth .... =2-65 g./c.c. 

Volume of earth . . = 1-082 xlO 21 m. 3 

Mass of earth . . . =5-98 x 10 27 g. 

=5-87 X 10 21 tons. 

Area of land (estimated). =1-45 x 10 18 cm. 2 

Area of ocean (estimated) =3-67 x 10 18 cm. 2 
Mean depth of ocean 

(Murray) . . • =3-85 x 10 5 cm. 

Volume of ocean . . =1-41 x 10 24 c.c. 

Mass of ocean . . . = l-45-x 10 24 g. 

Mass of the atmosphere . =5-33 X 10 21 g. 

Velocity of a point on the equator due to the 
earth’s rotation =Rw=4-64 x 10 4 cms./s. 2 or 1037 
miles per hour approx. 


Length of 1° of Longitude nr different 
Latitudes 


Latitude. 

Metres. 

Nautical 

Miles. 

Miles. ' 

0° 

111,307 

60-064 

69-164 

10° 

109,627 

59-157 

08-120 

20° 

104,635 

56-463 

65-018 

30° 

96,475 

52-060 

59-948 

40° 

85,384 

46-075 

53-056 

50° 

71,687 

38-684 

44-545 

60° 

55,793 

30-107 

34-609 

70° 

38,182 

20-604 

23-726 

80° 

19,391 

10-464 

12-049 

90° 

0 

0 

0 


§ (19) Astronomical Constants, (i.) 
Sun .— 


Distance from earth . = 1-494 x 10 u m. 

=9-282xlO 7 miles. 

Mass . . . . = 329,320 x earth’s mass. 

Equatorial diameter an¬ 
gular . ' . . =32' 2"-36. 

= 865,980 miles. 

= 1,393,338 km. 

Mean time taken by light 
from sun to earth . =498-2 seconds. 

=8-3 minutes (approx.). 

Obliquity of ecliptic . =23° 27'4"-04 (1909). 

Mean equatorial solar 

parallax (Sinks, 1909) =8"-807. 


(ii.) Moon.— 

Distance • . • = 00-27 >: ciu-IJi’h radius. 

Mass .... =„v ■: X earth’s juhnh. 

81-53 

Diameter . . . =2163 miles.--3481 km. 

Inclination of moon’s 
orbit to ecliptic . =5° 8' *13". 

E. E. A. 


Mechanical Efficiency. See “Petrol Engine, 

The Water-cooled,” § (4). 

Mechanical Equivalent of Heat : the 
amount of work (.1) which must hi'! 
expended in the production of unit 
quantity of heat, if the work is wholly 
converted into heat. In the absolute 
(O.C4.S.) system J=4*1808 x 10 7 ergs per 
gramme-calorie. On (lie British system 
,J = 777-8 foot-pounds per B.T.U.' This 
assumes 1400 foot-pounds (in the latitude 
of London) as equivalent to one mean 
pound-calorie. If wo assume the standard 
thermal unit to bo the energy required to 
raise one gramme of water from 17° 0. to 
18° C., then J = 4-18f5xl0 7 ergs, and 
assuming <7=981, its value is 252*0 kilo¬ 
gramme-metres, or cm the British system, 
777-6 foot - pounds. See also “ Heal-, 
Mechanical Equivalent of,” § (9); “Thermo¬ 
dynamics,” § (3). 

Comparison of Reliable Determinations of, 
See “Heat, Mechanical Equivalent of,” 
§ ( 6 ). 

Criticism of Discrepancies in Values of, 
Sec ibid. § (3). 

Discussion of Data of Various Determina¬ 
tions and Selection of Reliable Values. 
See ibid. § (3). 

Direct Determination Experiments. See 
ibid. § (4) (i.). 

Indirect Methods of Determination of. 
See ibid. § (.5). 

Joulo’s Method of Determination of. See 
ibid. § (4) (i.). 

Summary of Methods of Determining. See 
ibid. § (7). 


MECHANICAL ROWERS 

The mechanical powers are simple pieces 
of . apparatus devised originally with the 
object, of raising a heavy weight by the 
application of a small force. Let 3? be the 
applied foroe, and suppose that by the motion 
of its point of application through a distance 
a, measured in the direction of the force, the 
weight W is raised a vertical distance l>, or 
more generally a force W is exerted through 
a distance b. 

Then the work done by the force', is R«, that 
done on the weight is W b, and, neglecting 
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any losses in tho machine due to friction and 
<d.hor Cannes, those two are equal. Thus 

Po=W6 


The construction of the machine is such 
that a is considerably greater than b, so 
that a largo weight is raised by a small 
power. 

Hinoo the displacements a and b take place 
in the same timo the quantities a and b 
measure also tho velocities of the points of 
application of the weight and the power; 
the equivalence of work expressed by the 
equation Pa Wb used to be known as the 
principle of virtual velocity, and ajb is spoken 
of as the velocity ratio of the machine; it 
meuHuroH, as wo have seen, the ratio of the 
weight raised to the force applied. 

§ (1) Tick Inounhd Plane.—T he inclined 
plane is one of the most ancient of the mechani¬ 
cal powers known to mankind. It is probable 
that it was used, in its ancient form, in the 
raising of largo stones such as those used 
in t he const ruction of the pyramids or of 
.Stonehenge. 

If the length of tho plane, measured along 
its surface, he denoted by a, and the height 
and horizontal distance by ft and 7 respectively, 
then tho displacement of a body along the 
plane will be represented by a, the vertical 
displacement by ft, and the horizontal displace¬ 
ment by 7 ; «, ft, and 7 also represent the 
relati ve veloci ties in these three directions. 

A survival of tho ancient use of tho inclined 
plane as a means of raising heavy loads is 
seen to-day in tho railway embankment, by 
which a railroad is carried up and down hill, 
the gradient being reduced to a workable 
minimum by tho erection, at enormous ex- 
peudituro of labour, of long sloping banks of 
earth. 

In the form of the wedge, the inclined plane 
is commonly employed in a great variety of 
ways, from the common wedge for splitting 
Uni her to its use in apparatus and machinery 
of precision. 

§ ( 2 ) pmmiiYH.- Otunbinations of belts or 
ropes and pulleys are used to transmit 
rotational motion between shafts, the axes 
of which may he at any angle to each 
other. In belt driving it must always be 
arranged that the point at which the belt 
leaves one pulley must be in tho central plane 
of t he next pulley over which the belt has 
to pass. If t his rule is observed the belt 
will remain on the pulleys for one direction 
of drive, but if it is desired to drivo in both 
directions properly placed guide pulleys must 
be provided, 

(i.) Tackle*.- In a combination in which one 

axis is capable of moving parallel to itself, the 


rt s ; “ commonly termed a “ tackle/’ 
the object of which is to cause relative dis¬ 
placement of the axes on which the puilevs 

essential ^trf , 5 otatio ^ <* the pulleys is 
essential to the mechanism, their object bein'' 
purely to minimise friction. 

(( the combinations forming “ tackles ” or 
purchases ” there are three common system* 
In the, first, Fig. 1 the weight is suspended 
from the axle of the lowest pulley and the 
rope passing round it is attached at one end to 
a fixed beam above, the other end heins? fixed 
to the axle of the next lowest puller": the 
rope passing round the latter has one end 
attached to the beam and the other to the 
axle of the third pulley, and so on. The 
last rope has a free end" bv which the force 
required to lift or lower the" weight is applied 
in a vertical direction. 

The velocity ratio of the system is 2 s , where 
n is the number of pulleys. 

In the second system. Fig. 2 , one rope only 



Fig. 1 . Fig. 2 . 


is used, and this passes round all the pulleys 
in turn. Two blocks are jirovided, each 
carrying a number of pulleys either on the 
same or separate axles. 

The upper block is supported from a beam 
and the lower carries the weight to be lifted 
or lowered. The rope is fixed at one end to 
the upper block and passes successively 
under the first pulley of the lower block, 
over the first pulley of the upper block, 
under the second pulley of the lower block, 
and so on, travelling in the same direction 
throughout. At the free end of the rope 
the force is applied. 

The velocity ratio of the system is numeri¬ 
cally equal to the number of ropes connecting 
the upper and lower blocks. 

In the third system, Fig. 3, all the ropes 
are attached to the weight, or to a beam 
supporting the weight. The rope passing 
over any pulley is attached at one end to the 
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beam, and at the other to the axle of the 
next lower pulley except in the case of the 
lowest pulley, where the free end forms the 
means of applying the force. The first or 
uppermost pulley is supported by its axle 
from an overhead beam, 
and the weight is slung 
from the lower beam 
at a point suitably 
chosen so that all the 
ropes remain parallel 
to each other. If there 
are n pulleys, the velo¬ 
city ratio is 2“ - 1. 

(ii.) Differential Pul¬ 
leys — Weston's Differ¬ 
ential Block. — The 
upper block of this 
tackle carries two pul¬ 
leys differing slightly 
in diameter and fixed 
to the same axle, and 
the lower block a single 
pulley. 

The chain passes 
over one of the upper 
pulleys, then under the lower one, and finally 
over the second upper pulley on the opposite 
side of the axle, as shown in Fig. 4. A fair 
length of chain is retained, the ends being 
joined to form an endless linkage. The 
pulleys are grooved to receive the chain 
links so that no slip of the chain over the 
pulleys is possible. 

By this device a very high velocity ratio 
can be obtained, and is equal to 2D/(D— cl), 
where D and cl are the diameters of the two 
upper pulleys 
respectively. 

The Weston 
block is a modi¬ 
fication of the 
differential 
wheel and axle, 
the difference 
being that in 
the latter device 
the ends of the 
chain or rope 
are fixed to the 
large and small 
axles respec¬ 
tively, the power 
being applied by 
rotation of the axles about their common 
axis. 

§ (3) The Screw. —If a strip of rectangular 
section be wrapped round a cylinder in such 
" — — +'Ht its inclination to a transverse 
3 the same, the curve assumed 
ly straight strip is known as a 
.rejection formed by the strip is 
,lled the “ thread ” ; this may be 


continued round the cylinder any number of 
times in succession. 

The “ pitch ” 1 of a screw is the distance, 
measured parallel to the axis of the cylindci, 
between similar points of two successive till ns. 
If the screw consists of one continuous 
thread, it is said to be “ single threaded. 
The pitch may, however, be divided into a 
number of equal parts, and additional threads 
may be introduced side by aide with the 
original one, thus producing a screw of 
“ multiple pitch.” 

In practice, the thread form is. varied to 
suit the nature of the work for which if is to 
be used. Thus, there are threads of rectan¬ 
gular, semicircular, and triangular section, 
each designed for a particular purpose. 

If, instead of imagining the strip to ho 
wrapped on the outside of a cylindrical bar, 
we think of it as lying on the inside of a 
hollow cylinder, and imagine the thread form 
cut in this, wo have a hollow 'screw. This is 
commonly known as a nut, and can be made 
to fit exactly on to a bar or bolt having a 
corresponding thread. If the nut is rotated 
and the screw held, it will move axially along 
the screw, or, again, if the nut 
be rotated, but prevented from 
axial motion while the screw is 
free to move axially but is 
prevented from turning, axial 
motion of the screw will take 
place and the combination of 
nut and screw can bo used as a 
mechanical power. 

If the- force causing the 
motion of the rotating element Ida. 5. 
acts at a radius R, then the 
velocity ratio of the combination will bo 
2irR/p, where p is the pitch of the thread or 
its advance per revolution. 

The thread may bo wound in a left or 
right-handed direction, and is named accord¬ 
ing to the direction in which, it requires to 
be rotated to cause it to advance through 
its nut. 

Theoretically the velocity ratio may lie 
increased indefinitely by sufficiently decreasing 
the pitch, but in practice this is not possible 
because of the resulting reduction in the 
thread strength. 

The ratio may, however, bo greatly increased 
by means of the adoption of the differential 
screw, illustrated in Fig. 5. This consists of 
two screws, the one being formed hollow and 
acting as a nut for the other. The smaller 
screw is prevented from rotating. Considera¬ 
tion will show that the resultant vertical 
displacement of the weight for one revolution 
of the large screw is equal to the difference 

1 The term “ pitch ” is BometimcH erroneously 
used to denote the number of colls per unit length 
of the cylinder. 
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in pitch of the two screws, and this may be 
made very small. 

The velocity ratio is thus 2 ttR 
whore p and p x are the pitches of the two 
screws respectively. 

§ (4) Worm-gear. —The term “ worm-gear¬ 
ing ” is now almost universally applied to 
that form of mechanism in which a screw 
gears with a wheel, the axes of the two 
elements being at right angles to each other. 
Before the recent improvements in this form 
of gearing for power transmission were made 
the term was often used to include screw, 
helical, and skew gears. I 

Tim two elements, the worm and the 
worm wheel, are combined in practice in 
three different forms. That most commonly 
adopted is the parallel worm type, in which 
the worm is a truly parallel screw, the wheel 
hiving hollowed out to lit the worm. 

A second form is known as the “ hollow ” 
or MJndloy type, in which both worm and 
wheel have hollow faces, and in a third form 
tlio wheel is a true screw with the worm 
hollow faced to gear with it. 

Of the two latter forms the former only has 
been developed to any great extent. 

The gear is used to transmit power from 
one axis—that of the worm—-to a second— 
that of the wheel—at right angles ; the worm 
drives the wheel, and, as it rotates, that tooth 
of the wheel which, at the moment, is in gear, 
is made to move parallel to the axis of the 
worm, just as a nut, when incapable of rotation, 
moves axially along a screw when the latter 
is turned. Ah this tooth passes out of gear, 
(hi' next becomes enmeshed with the succeed¬ 
ing turn of the work, and so the motion is 
continuously transmitted. 

In the parallel typo it is usual to design 
the teeth of the worm and wheel to secure 
contact in a plane through the axis'of the 
former and at right angles to the axis of the 
latter; the section of the wheel by this plane 
is made similar to that of a spur gear, having 
the same diameter and pitch of teeth, and the 
Hcdiou of the worm that of a rack to gear 
with the spur wheel. For power transmission 
at high loads and speeds, however, it is 
necessary to obtain satisfactory contact 
between the teeth of the two elements at all 
sections parallel to the central plane, and this 
is accomplished by using a worm-thread form 
of special section. The relative motion of 
the two mem hem at all points of contact 
should he perpendicular to their common 
surface at both points. 

* With the 11 intlley type of gear the teeth 
may he of any convenient form, as considera¬ 
tion of the accompanying diagrams of the 
centra 1 sections of the gears will show. 

It will he scon in the second case that the 
thread form has not only rotational motion 


aoout its own axis but also about the axis 
of the wheel. The teeth of both element* 
fo ow geometrically the same path and a 
rolhng form of tooth section does not there* 
fore need to be considered in this gear It 
is essential, however, that the tooth form 
chosen should render a fair length of worm pos- 
siMe without producing interference between 
t-liG teeth of the two elements. 

In practice the diameter of the worm at 
the ends does not exceed about 7 per cent 
the diameter at the throat. 

The parallel and hollow-worm tvpes have 
ot late years received eonsiderable'atteniion 
and gears of both types have been produced 



Fig. 0. 


for the transmission of power with an efficiency 
of 97 per cent. 

The design of a worm-gear depends in a 
great measure on the work for which it is 
intended. Thus, for a gear to transmit motion 
where efficiency of transmission is not im¬ 
portant, the gear ratio is only limited hv the 
size of the thread section and by the angle of 
friction between the gear teeth. 

If it is desired that the wheel shall not 
drive the worm—that is, that the gear shall 
not be reversible—the angle of the tooth with 
the axis must be less than the angle of friction. 
If efficiency is unimportant, the angle may he 
as small as desired, hut if efficiency is a 
governing factor it should be made as near 
to the friction angle as possible. In the 
latter case the maximum limit of efficiency 
is 50 per cent. 

For power transmission, where high efficiency 
is desired, the worm will be reversible and the 
worm angle must he made about 40°. 

The efficiency is given by the equation 

tan 6 

17 — tan (0 + g)’ 

where 0 is the worm angle and u the friction 
angle. J. h. k. 


Melting-points op Inorganic Compounds 
studied as fixed temperatures for secondary 
standards of temperature and compared 
with gas thermometers in the range 500 v 
to 1600° C. See “ Temperature, Realisation 
of Absolute Scale of,” § (90) (fib)- 
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Melting-points op Metals : 

As determined by Day, Sosman, and Allen, 
tabulated. See “Temperature, Realiaa- 
tion of Absolute Scale of,” § (40), 

Table 11* i i\ 

Studied as fixed temperatures for second- iv 
ary standards of temperature and com¬ 
pared with gas thermometers in the A 
range 500° to 1600° C. See ibid. § (40) (i.)- 
Melting-points op Refractory Elements 
and Compounds, determined by optical ? 
pyrometer. See “ Pyrometry, Optical, 
§‘(24). 

Mercury : . , 

Absolute Expansion of, determine!. y 
Callendar. See “Thermal Expansion, 

§ (11) (ii.). . , . 1 

Absolute Expansion of, determined by 
Regnault. See ibid. § (11) (■■•)• 

Coefficient of Absolute Expansion of, tabu¬ 
lated from calculations .by various 
methods. See ibid. § (11) (ii.)* 

Influence of Pressure on Thermal Expansion 
of, tabulated results of P. W. Bridgman. 

See ibid. § (13). . ., 

Specific Heat of, determined by Callendar, 
Barnes, and Cooke by the electrical 
method. See “Calorimetry, Electrical 
Methods of,” § (3). 

Specific Heat of, at Different Temperatures, 
tabulated. See ibid. § (4), Table 1. 

Metals ; 

Atomic Heat of, at Low Temperatures, 
Nernst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of, 

§ (11), Table VI. „ 

Methods of measuring Thermal Conductivity 
of. Bar Methods—Electrical Methods— 
Indirect Methods—Periodic Plow Methods. 
See “ Heat, Conduction of,” § (5). 

Molten, Emissivity of, observed approxi¬ 
mately by Burgess with a Eery radiation 
pyrometer. See “ Pyrometry, Total 
Radiation,” § (18) (iv.). 

Speciiio Heats of, Gaecle’s determination 
of, by the electrical method, tabulated 
results. See “ Calorimetry, Electrical ] 
Methods of,” § (9), Table IV. 

Specific Heats of, studied by Professor E. H. 
Griffiths, F.R.S., and Ezer Griffiths over 
the range -160° to +100° .0., by the 
electrical method. See ibid. § (10). 

Values of Thermal Conductivity of. See 
“ Heat, Conduction of,” Table III 
Metals which can be melted in Air : 
Tin, Zinc, and Gold, determination of 
melting-point of. See “ Thermocouples, 

§ (22) (ill.). 

Metals which require a' Neutral Atmo¬ 
sphere when they are melted : Nickel 
and Cobalt, determination of melting-point 
of. See “ Thermocouples, 11 § (22) (ii.). 


Metals which require a Reducing Atmo¬ 
sphere when they are melted : Anti¬ 
mony, Aluminium, Silver, and Copper, 
determination of melting-point of. See 
“ Thermocouples,” § (22) (i.). 

Meters. For the article on “Meters” see 
Vol. HI. 

Mioromanometicrs. See “ Pressure, Measure¬ 
ment of,” § (20). 

Micrometer Water Gauge. See Pressure, 
Measurement of,” § (20). 

Mioropyrombter : an instrument of the dis¬ 
appearing filament optical pyrometer type, 
devised by Burgess for the determination 
of the melting-points of minute specimens 
of materials, " See “ Pyrometry, Optical,” 

§ (4). 

Mills, J. E., formulation of the expression 
giving the value of L l5 the latent heat of 
vaporisation of a substance, in terms of 
E ' the heat equivalent of the external 
work done, Si, and by, the densities of liquid 
and saturated vapour respectively. 

—— fi — = constant. 

is/Bu - £/Sy 

See “ Latent Heat,” § (11) (ii.). 

Mitchell’s Theory of the Resistance of 
Flat Inclined Surfaces .separated by a 
Film of Fluid. See “ Friction,” § (27). 
Mixtures, Method of: the best known of 
calorimetric methods. See “ Calorimetry, 
Method of Mixtures,” § (2). 

Model Experiments and their Full-scale 
Equivalents. See “ Dynamical Similarity, 
Principles of,” § (38). 

Model and Full-scale, Condition for 
Continued Similarity in Working of. 
See “ Dynamical Similarity, The Principles 

of,” § (39). .... 

Modulus oi? Direct Elasticity (\ puiifc s 

Modulus) : „ 

Method of Determination, bee . Mastic 
Constants, Determination of,”.§ (64). 
Tabulated Values. See ibid. § (95). 

■ Modulus of Elasticity. The ratio of a 
stress applied to a body to the strain it 
produces. See “ Elastio Constants, Dotoi- 
j mination of,” § (63). 

s Modulus of Transverse Elasticity (Modu¬ 
lus of Rigidity): 

0 Method of Determination. Sew Elastio 
Constants, Determination of,” § (66). 
Tabulated Values. See ibul. § (65), Table 22, 
if Molecular Pump (Gaede). See “ Air-pumps, 

>> § (39) * 

Molecular Theory of Matter. See “ Thor- 
j. modynamics,” § (66). 

el Molecules, Finite Size and .Cohesion of, 

it AS AFFECTING PERFECT. GAS EQUATION. 

See “ Thermodynamics,” § (66). 
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Mollier’s Chart of Entropy and Total 
Heat. See “ Thermodynamics,” § (42). 
Por Steam. See “ Steam Engine, Theory 
of,” § (9). 

Eor Substances used in Refrigerating 
Machines and the Use of Oblique Co¬ 
ordinates. See “ Refrigeration,” § (3), 
Figs. 8 and 9. 

Molybdenum, a possible substance for use as 
an outer protecting sheath for a thermo¬ 
element, at high temperatures. See 
“ Thermocouples,” § (5) (v.). 


Moment of Inertia of a Body about.a Line. 
The sum of the products of the mass of each 
particle of the body into the square of its 
perpendicular distance from the line, 

I = 2 (mr 2 ). 

Monatomic Gas, Energy of. See “ Thermo¬ 
dynamics,” § (58). 

Multiple Expansion Steam Engines. See 
“ Steam Engine, Theory of,” § (10). 

Multiple Screws for Ships. See “ Ship 
Resistance and Propulsion,” § (49). 


N 


Naphthalene and Benzophenone, deter¬ 
mination of boiling - points of. See 
“ Temperature, Realisation of Absolute 
Scale of,” § (36). 

National Gas - engine. See “ Engines, 
Internal Combustion.” 

100 TLP. Horizontal Type. § (5). 

300 I-I.P. Vertical Type. § (6). 

N.P.L. Gear Efficiency Experiments. See 
“ Friction,” § (29). 

Natterer and Cailletet, experimental re¬ 
searches on the expansion of fluids under 
high pressures. See “ Thermal Expansion,” 

§ (18) (i-)- 

Nernst and Lindemann, formula for specific 
heat, tested in the case of the metals 
Al, Ag, Pb, and Cu by comparison with 
values given by the thermodynamical 
equation, in tabular form. See “ Calori¬ 
metry, tho Quantum Theory,” § (46), 
Table III. 

Neville and Heyoook, work on resistance 
thermometer using a thermocouple. See 
“ Thermocouples,” § (22) (iii.). 

Newcomen’s Engine. See “ Steam Engine, 
Reciprocating,” § (10). 

Newton’s Third Law of Motion, Meaning 
of Action and Reaction. Sec “ Heat, 
Mechanical Equivalent of,” § (1). 

Niohrome Tubes, Cast, used to some extent 
as outer protecting tubes for thermo¬ 
elements. See “ Thermocouples,” § (6) (iv.). 


Nickel Carbon Edtectic (1330° C.), used as 
standardising point for thermocouples. See 
“ Thermocouples,” § (22) (iii.). 

Nickel Oxide Surface, Emissivity of, 
measured by Burgess and Forte with a 
Eery radiation pyrometer. See “ Pyro- 
metry, Total Radiation,” § (18) (i.). 
Nitrogen: 

Separation from Air of. See “ Gases, 
Liquefaction of,” § (2). 

. Specific Heats of, tabulated values obtained 
by Scheel and Heuse. See “ Calorimetry, 
Electrical Methods of,” § (15), Table IX. 
Used as Thermometric Substance. See 
“ Thermodynamics,” § (4). 

Nitrous Oxide, Latent Heat of Vaporisa¬ 
tion of, determined by Mathias. See 
“ Latent Heat,” § (8). 

Nozzle, De Laval’s Convergent-diver¬ 
gent. See “ Thermodynamics,” § (44). 
Nozzles : 

Design of. See “ Steam Engine, Theory 
of,” § (12). 

Quantity of Steam passing. See “ Steam 
Turbine, Physics of,” §§ (2), (3). 

Nuclei, Condensation on ; experiments of 
Aitken and G. T. R. Wilson. See “ Thermo¬ 
dynamics,” § (54). 

Number of Molecules in a given Volume 
of Gas. By Avogadro’s law this is the same 
for all gases; the number in a gramme 
mojecule or Mol is 4-5 x 10 2B . 


O 


Oeohelhauser 'Two-stroke Engine. See 
“ Engines, Internal Combustion,” § (11). 

Oil-engines. Soo “ Engines, Internal Com¬ 
bustion,” § (13) el seq. 

Oils, Specific! Heat of, determined by tho 
electrical method. See “ Calorimetry, Elec¬ 
trical Methods of,” § (6). 

Onnes, Kamerungh : investigation of tho 
expansion of hydrogen at low tempera¬ 
tures. Soo “ Thermal Expansion,” § (18) 
(v.). 


Optical Indicators for 1-Iigii-speed Steam 
Engines. Sec “ Pressure, Measurement of,” 
§ (19). 

Osmotic Pressure. Tho excess pressure 
which must he applied to a solution in order 
to make its vapour pressure equal to that of 
tho pure solvent. See “ Thermodynamics,” 
§ (63). 

Otto Cycle used in Gas-engines. See 
“ Engines, Thermodynamics of Internal 
Combustion,” §§ (34) and (51). 

2q 
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Outlets from Reservoirs. See “Hydraulics, 

§ ( 20 ). 

Outward-flow Turbines (Hydraulio). See 
“ Hydraulics,” § (48) (i.). 


Oxygen, Specific Heats of, tabulated values 
obtained by Scheel and House, See Calori¬ 
metry, Electrical Methods of, § (15), lablo 
IX. 


Paddle-wheels. See “ Ship Resistance and 
Propulsion,” § (53). 

Parsons’ Design Coefficient IC. A co¬ 
efficient of importance in the theory of the 
steam turbine. See “ Turbine, Develop¬ 
ment of the Steam,” .§ (12); Steam 
Turbine, Physics of,” § (7). 

Peltier Effect, Definition and Thermo¬ 
dynamic Theory of. See “ Thermo¬ 
dynamics,” § (65). 

Pelton Wheel. See “ Hydraulics,” § (47) 
(iv.). 

Periodic Heat Flow : 

Into Infinite Solid. See “ Heat, Conduction 
of,” § (12) (i.). 

Along Rod. See ibid. § (5) (v.). 

Petavel’s Optical Indicator. See “ Pres¬ 
sure, Measurement of,” § (19). 

PETROL ENGINE, THE WATER-COOLED 

§ (1) Introductory.-- -The petrol engine has 
now (1921) reached such a state of develop¬ 
ment that its performance approaches very 
closely to that possible with the Otto cycle, 
using petrol as fuel. 

At the present time brake mean pressures 
of the order of 130 lbs. per sq. in. are not 
uncommon. 

In cases where high speeds can be employed, 
outputs of 38 , brake horse-power per litre of 
piston displacement have been attained. 

As regards thermal efficiency, a number of 
engines have realised indicated thermal effi¬ 
ciencies, relative to the air standard efficiency 
for the compression ratio employed, of 67 
per cent. 

By careful attention to the reduction of 
mechanical losses, particularly as regards 
piston friction, the mechanical efficiency of 
. modern engines has been raised to the 
neighbourhood of 90 per cent even in engines 
running at moderately high speeds. 

In considering the output of an engine in 
terms of brake horse-power per litre the curve 
shown in Fig. 1 may be useful as giving the 
brake mean pressure required to produce one 
brake horse-power per litre at various speeds 
from 1000 to 5000 revolutions per minute. 

For example, at 4000 r.p.m. an engine 
giving 36 b.h.p. per litre would require to 
develop a b.m.e.p. of 3-25 x 36 = 117 lbs. per 
sq. in. 

On examining the conditions governing the 
power performance of petrol engines it is 


obvious that for a given speed of rotation 
the chief factors are : 

1. Indicated thermal efficiency. 

2. Volumetric efficiency. 

3. Mechanical efficiency. 

In other words, the brake output of the 
engine depends on burning the charge to the 
best possible advantage ; burning tho greatest 



possible weight of charge per stroke; and 
lastly,' wasting as little indicated power as 
possible in moving tho parts of the engine 
and in carrying out the various functions 
inherent in the cycle of operations. 

§ (2) Indicated Thermal Effioienoy.-- 
With regard to the first item, Tizard and 
Pye 1 have shown that, taking into account 
dissociation and change in specific heat, the 
limitingindicated efficiencies possible with tho 
Otto cycle, using a hydrocarbon fuel such as 
petrol, and assuming no heat loss to tho 
cylinder walls during combustion and expan¬ 
sion, are as given in column 3 of Table I. 

This table 8 shows, in column 1, the various 
compression - expansion ratios considered ; 
column 2, the. air cycle effioienoy for each of 

1 See Automobile Engineer, February, March, and 
April 1921. 

2 See “ Some Possible Lines of Development in 
Aircraft Engines,” by H. It. Ricardo, The Royal 
Aeronautical Society, 1921, 
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tho ratios in column 1; column 3, Tizard 
and Pyo’s ideal indicated efficiencies, talcing 
account of losses due to dissociation and change 
in specific heat but taking no account of losses 
duo to direct passage of heat to the cylinder 
walls ; column 4, the highest attainable in¬ 
dicated thermal efficiencies, assuming “ that 
tho combustion chamber is designed to allow 
of the minimum possible heat loss, that the 
cylinder is of comparatively large capacity, 
and that tho revolutions are not less than 
1500 r.p.m.” Column 5 gives the actual 
indicated thermal efficiencies obtained in a 
special variable compression engine designed 
by Ricardo, a description of which will be 
found in Engineering, September 3, 1920. 

It will bo observed that the difference be¬ 
tween columns 4 and 5, indicating the margin 
remaining for improvement, is very small. 

The values for efficiency shown in Table I., 
both those which have been calculated and 
those which were observed, are for a homo¬ 
geneous mixture of air and hydrocarbon 
vapour. 

Table I 


1. 

Expansion 

It it Mo. 

2. 

E .. •)«•*. 

' 3. 

E=l-(l/r)0.20i> 

4. 

E=l—(l/r)0-M. 

Observed 
Results, Variable 
Compression 
Engine. 

4-0 . 

0 '4266 

0-336 

0-296 

0-277 

4'5 

0-4521 

0-359 

0-314 

0-297 

5'0 

0-4747 

0-378 

0-332 

0-316 

5-5 

0-4944 

0-396 

0-348 

0-332 

(H) 

0-5110 

0-411 

0-361 

0-346 

0-5 

0-5270 

0-424 

0-375 

0-360 

70 

0-5398 

0-437 

0-386 

0-372 

7'5 

0-5534 

0-449 

0-396 

0-383 

8-0 

0-5047 

0-460 

0-406 

... 


Either by employing a stratified charge 1 
or by the burning of certain fuels, giving 
by either means a lower mean temperature 
to the “ cycle,” a higher efficiency can, both 
theoretically and experimentally, be obtained., 

Tho theoretical indicated thermal efficiency 
of tho Otto cycle is given by the formula 
IT-' I-(l/rR" 1 , where r is the compression- 
(sxpnnsion ratio. 

It is evident that tho larger the number of 
expansions the greater will be the theoretical 
thermal efficiency, and following on this 
consideration every opportunity is taken in 
practice to raise the expansion ratio, and 
therefore necessarily the compression ratio, 
to tho maximum value which the fuel will 
bear without detonation. 

Tho fuels which can be employed in a 
petrol engine (including members of the 
paraffin group, the aromatics, and the alcohol 
group) vary very considerably in their resist- 
1 See Automobile Engineer, June 1921. 


ance to detonation. Some data relative to 
this characteristic are given later. 3 

For any given fuel, however, there is a 
number of factors which control the maximum 
compression ratio which can be usefully em¬ 
ployed. The most important of these factors 
is the form of the combustion space. To 
have the minimum tendency to detonation the 
combustion space must be compact, of good 
depth with respect to its diameter, symmetrical 
and free from shallow pockets or any cavities 
in which portions of the charge can become 
more or less isolated. 

The location of the igniter is also of consider¬ 
able importance. It has been shown s that 
when the igniter is situated on the opposite 
side of the combustion space to the exhaust 
valve, so that the portion of the charge in the 
vicinity of this valve is the last to burn, 
the tendency to detonate is increased, and the 
limiting useful compression ratio is conse¬ 
quently reduced. 

Given a combustion space having the 
attributes set out above, it was found that the 
highest compression ratio giving 
freedom from detonation for any 
particular fuel was reached by 
employing two sparking plugs 
located on opposite sides of the 
combustion space. 

If a combustion space is of 
such form that a portion of the 
charge can become in some 
degree isolated from the main 
portion, it is found that the 
tendeneyto detonation iB greater 
than with a compact space. A 
reasonable theory appears to be 
that, since the isolated portion 
does not become ignited until 
late in the process of combus¬ 
tion, there is a tendency for it to be raised 
to a high pressure and temperature before 
inflammation owing to its compression by the 
general rise of pressure in the cylinder; 
consequently, when the flame finally reaches 
this unignited gas, the conditions are favour¬ 
able for its detonation. 

Apart from the increased tendency to detona¬ 
tion, the existence of cavities or pockets in 
a combustion space involves thermodynamic 
losses, owing to the chilling of the charge 
during inflammation, which may lead to in¬ 
complete combustion, and in any case must 
cause greater direct heat loss to the walls. 

The next most important item controlling 
the compression ratio is the temperature of 
the charge after compression.^ 

It has been clearly established that if the 

a See Automobile Engineer, “ The Influence of 
Various Fuels on the Performance of Internal Com¬ 
bustion Engines,” by H. R. Ricardo, February tu 

A^See ^Engineering, September 3 and 10, 1920. 
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charging temperature is raised the tendency 
to detonate is increased. In order to run 
with freedom from detonation under such 
conditions, a lower compression ratio must be 
employed than is possible with a lower charging 
temperature using the same fuel. 

As being closely connected with the charging 
temperature, and to a largo extent influencing 
that temperature and therefore the tempera¬ 
ture reached after compression, it must be 
remembered that the charge from the time it 
enters the cylinder until probably well into 
the compression stroke is absorbing heat 
from the cylinder walls, piston, and valve 
heads. 

In this connection the use of aluminium 
alloys for pistons has had a most important 
influence in enabling higher compression ratios 
to he employed, owing to the hotter heat dis¬ 
sipation from the centre of the piston crown 
due to the higher conductivity of aluminium 
as compared with cast iron and steel. 

With regard to valve-head temperatures, it 
is often desirable to employ multiple exhaust 
valves in order to limit the size of the valve 
and thus ensure hotter cooling of the head. 

An important factor in reducing the tend¬ 
ency to detonation is the provision and 
maintenance of an adequate degree of turbu¬ 
lence of the charge. Where a sufficient degree 
of turbulence is* preserved there is less 
opportunity for any portion of the charge to 
remain in contact with highly heated surfaces, 
such as the head of an exhaust valve, for 
sufficient time to be raised to the critical 
temperature at which it will tend to detonate. 

Apart from this point of view, it is of the 
utmost importance that a high degree of 
turbulence should exist m the combustion 
space at the moment of ignition, for the purpose 
of ensuring sufficiently rapid spread of in¬ 
flammation to enable the combustion to he 
completed in the limited time available in 
high-speed engines. 

If it were not for the existence of turbulence 
it would be impossible to run engines at the 
high speeds now common. The time of pres¬ 
sure rise in a stagnant mixture is many times 
that available for the entire cycle in a petrol 
engine of even moderate speed. 

Turbulence has a further valuable effect in 
that it tends to ensure uniformity of mixture 
strength throughout the chargo by breaking 
down zoneB of rich and weak mixture. 

It is obvious that a combustion space which 
has the attributes already mentioned will be 
favourable to the maintenance of the initial 
turbulence arising from the. entry of the charge 
at high velocity past the inlet valve. 

§ (3) VOLUM13TRIO EFFioiBNcnr.—With re¬ 
gard to volumetric efficiency;, it is important 
to hear in mind that it is the weight and not 
merely the volume of the fresh charge which 


controls the power output from a cylinder 
of given swept volume. 

This being the case, it is obvious that two 
conditions must bo fulfilled to obtain a high 
volumetric efficiency. In the first place, every 
endeavour must bo made to enable the cylinder 
to fill up as nearly as possible to atmospheric 
pressure, and secondly, the temperature of the 
charge must ho kept as low as possible. 

In order to fulfil tho first condition it is 
essential that tho resistance offered to the 
inflow of the chargo shall be kept low by the 
use of moderate gas velocities, proper stream¬ 
lining of the ports and inlet valve head, and 
the use of a valve-opening diagram in relation 
to piston velocity which shall give tho greatest 
possible area for How at tho latter end of 
the charging period with a sharp out off at 
closing. 

The most difficult part of the first condition 
to fulfil in practice is the provision of a large 
inlet area at the end of tho charging period, 
with a rapid cut off, and, this difficulty is very 
greatly accentuated in engines intended to run 
at high speeds. A method of achieving this 
result without having resource to abnormal 
accelerations in tho valve operation is tho 
method of masking the first and last portions 
of the inlet valve travel devised by Ricardo. 
In employing this device tho head of tho valve 
is arranged to act as a piston valve when 
near its seat, thus giving sharply defined open¬ 
ing and closing points and allowing ample 
time to seat tho valve in a comparatively 
leisurely manner. 

With regard to the second condition, it has 
been found 1 that tho power output steadily 
falls with addition of heat to the incoming 
charge at the rate of approximately 1 per cent 
for every 3° 0. rise in inlet temperature. It 
is clearly desirable, therefore, to limit the 
preheating of the charge to the. minimum 
which will ensure satisfactory distribution. 
The term distribution is hero used in the soiiho 
of uniformity of mixture strength of tho 
charges supplied, to the cylinders of a group 
'fed from a common carburettor. 

In connection with tho subject of preheating 
the chargo before its entry into tho cylinder, 
it must bo remembered that petrol and. the 
other inflammable volatile fluids have consider¬ 
able latent heats of vaporisation. Complete 
evaporation of the petrol, in a mixture of 
such, proportions as will give just complete 
combustion, lowers the temperature of the 
mixture by about 18° 0. It follows, therefore, 
that if suitable arrangements are made to do 
so, it is possible to improve appreciably tho 
volumetric efficiency by making use of tho 
latent heat effect to cool the incoming charge, 
and thus to increase the weight of charge 
taken into tho cylinder. 

1 See Engineering, September 3, 1920. 
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being of adequate depth, there is excessive 
clearance between it and the cylinder wall, 


Rearing the above fact in mind, it is clearly 
desirable from the point of view of power to 
restrict preheating as much as possible, and 
to endeavour to make use of the latent heat 
of the fuel to offset the unavoidable rise in 
temperature undergone by the charge after 
its entry into the cylinder and before mixing 
with the residual exhaust. This rise of 
temperature due to absorption of heat from 
the piston, valves, and walls alone is estimated 
by Ricardo to amount to about 50° 0. 

In taking advantage of the latent heat of 
the fuel to increase the volumetric efficiency, 
it must be remembered that any evaporation 
which takes place after the 'inlet valve has 
closed has no effect on the volumetric 
efficiency. 

The use of a fuel having a high latent heat 
in conjunction with the minimum of pre¬ 
heating which will give good distribution and 
ensure efficient combustion, has the additional 
advantage of lowering the mean and maximum 
temperatures of the cycle, with a consequent 
reduction in the losses due to change of specific 
heat, dissociation, and direct heat loss. It 
has the effect also of reducing the duty thrown 
on the cooling arrangements, which is an 
important advantage in the case of air-cooled 
engines. 

§ (4) Mechanical Efficiency.— With re¬ 
gard to the remaining factor controlling the 
brake power output from a given engine 
capacity, namely, mechanical efficiency, it is 
clear that large rubbing areas, heavy inertia 
pressures, and high pumping resistances are 
the chief causes of negative work in a petrol 
engine. 

The greatest loss, amounting to some. SO 
per cent to 60 per cent of the total mechanical 
losses, almost invariably arises from the 
piston, and is chiefly caused by the shearing 
of large areas of partially decomposed, oil 
film while under pressure. In order to limit 
the lateral thrust of the piston at high speeds 
it is clearly necessary to reduce as much as 
possible the reciprocating mass formed by the 
piston and small end of the connecting rod. 
The use of aluminium alloy pistons has enabled 
designers to fulfil the requirement of providing 
adequate heat conduction from the centre of 
the piston crown with a moderate piston 
weight. 

A large source of friction in many piston 
designs is tho use of heavy piston ring pressures. 
There appears to be no advantage in exceeding 
from seven to eight pounds per square, inch 
pressure between the ring face and cylinder 
wall, and those relatively light rings give 
entirely satisfactory results provided the. rings 
are adequately shielded from tho maximum 
explosion pressure by the provision of a deep 
top land. 

If the top land is of insufficient depth, or, 


it is found that light piston rings will allow 
tho gases occasionally to blow past. The 
explanation appears to be that piston rings 
depend for their gas tightness to a large 
extent on gas pressure behind the ring forcing 
the rubbing face of the ring into intimate 
contact with the cylinder bore. In the case 
of an insufficiently shielded ring the rapidly 
applied high pressure which occurs on ignition 
forces the ring hard against the lower face of 
the ring groove before the gases have had time 
to act on the back of the ring. In this condi¬ 
tion the ring is clamped against the lower face 
of its groove and only exerts its inherent 
spring pressure against the cylinder wall, 
which pressure is insufficient to prevent the 
gases from blowing past the rubbing face of 
the ring. 

Next to the piston loss in importance 
comes the loss due to filling the cylinder with 
fresh mixture and exhausting the products 
of combustion. Owing to the fact that the 
exhaust is released at a substantial pressure, 
tho work thrown on the piston in clearing 
the cylinder is usually small as compared 
with tho work expended by the moving 
system in starting tho fresh charge into 
motion and drawing it into the cylinder. 

In a well - designed cylinder having ports 
properly stream-lined and an inlet gas velocity 
of from 120 to 130 feet per sec., the pumping 
loss should not exceed from 3 to 3-5 lbs. 
per square inch pressure on the piston. The 
pumping losses rise rapidly with increase of 
gas velocity, and at 200 feet per sec. amount to 
about 7-5 ibs. per square inch. 

Tho remaining mechanical losses include 
bearings, camshafts, and auxiliaries, such as 
magnetos, oil and water pumps, and, in the 
case of automobile engines, the radiator fan. 

The bearing losses increase slowly with 
speed, the rate of increase being influenced by 
the loadings thrown on the bearings by the 
inertia and centrifugal forces and by the 
increase in oil-shearing resistance with speed. 

The losses due to tho water and oil pumps 
can with unsuitable design rise to a high 
figure at high speeds, but with good design the 
losses duo to bearings, camshafts, and auxili¬ 
aries together amount to between 1*76 and 
2-5 lbs. per square inch on tho piston at speeds 
of tho order of 1500 r.p.m., the former figure 
applying to a largo engine with light reciprocat¬ 
ing parts and tho latter figure to one with 
relatively heavy parts. 

In aero engines having propeller, reduction 
gearing, a further loss occurs in this gearing. 
In a good example of epicyolio gear the loss 
amounts to from 1*5 per cent to 2*0 per cent. 

§ (5) Fuels.— With regard to the subject of 
fuels and their behaviour in petrol engines, 
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the reader may refer to the publications given 
in the footnote below. 1 

For the purpose of classifying them with 
respect to their relative resistance to detona¬ 
tion Ricardo has compared a large number of 
fuels using toluene and an aromatic - free 
petrol as the basis of comparison. Talcing the 
effect of toluene as represented by 100, and 
that of aromatic-free petrol as being zero, 
the following table gives the values for the 
fuels mentioned: 


Toluene Values 


Toluona .... -1-100 

Botmmo .... + 00 

Xylauu .... + Si! 

Ethyl-iilcoliol, 00 per 
cant .... +100 


Acetone .... + Tfi 
Cyclohexane . . + 80 
Carbon bisulphide. + 10 

Methyl mercaptan + 0 to 10 
Etlior.—00 


§ (0) Water - cooled Engines, (i.) The 
'Rolls-Royce Eagle .—The following descriptions 
and illustrations will give some idea of the 
trend of modern practice in water-cooled petrol 
engine design and of the performances obtained 
from the engines described. 

The first description is that of the Rolls- 
Royce “ Eagle ” aero engine, which has been 
largely used by the British air service. 

The “ Eagle ” engine has been built in 
eight series, and the present description 
deals with the Series Eight model. All the 
series embody the same main features, the 
differences between the different scries lying 
chiefly in such details as compression ratio, 
number and size of carburettors, arrangement 
of induction system, number of magnetos, 
and ratio of propeller reduction gearing. 

This engine lias twelve cylinders of 4-5 in. 
bore and (5-5 in. stroke arranged in two banks 
of six at an angle of 00°. 

The cylinders are all independent of one 
another and are of the built-up type, having a 
barrel and head machined from a steel forging, 
to which a pressed-steel jacket is welded. 

Upon the head of the cylinder body sockets 
arc formed into which hoods are welded to 
form the inlet and exhaust passages and to 
carry the valve guides. One inlet and one 
exhaust valve is provided per cylinder. 

Projections formed upon the hood servo to 
carry studs by which the overhead camshaft is 
attached to the cylinders. 

Stool flanges carrying four studs are screwed 
on to the ends of the hoods and serve for the 
attachment of the inlet and exhaust manifolds. 

The two sparking plug bosses are screwed 
and welded into the cylinder crown, and are 
located one on the rear side of the inlet valve 
and the other on the forward side of the 


exhaust valve. 

The water-jacket is in two parts welded 
together by a longitudinal seam and attached 


1 See Tmmlbw flf tite- Rmml Aeronautical Socielv, 
1021, and Automobile Jinainecr, February, March, 
April, May, June, July, and August 1021. 


by welding to the cylinder body by £ 
at the lower end of the barrel and pro, 
on the ends of tlie valve hoods. 

A water-inlet pipe is welded to th 
side of the jacket at its lowest point 
outlet pipe at the upper end of the ini 
of the jacket. 

The cylinders are spigoted into the or 
and arc provided at their lower end w: 
deep bosses which arc tied together, 1 
bottom, by square flanges all milled ou 
solid. The cylinder bolding down sti; 
through these flanges and bosses, thus 
ing a light construction and tailing the 
duo to gas pressures from the cylindei 
points on the barrel. 

Both the valves are of the “ tulip 
and work in long phosphor bronze 
tapered externally where they fit i: 
valve hoods. 

Shoulders are provided on the gi 
support the stationary spring collan 
take a long bearing on the outside 
guide. The ends of the valve stems 
vided with hardened steel plugs on w 
valve rockers bear, and are provided 
screw thread by which tlie upper sprii 
and looking nut are secured to the s 
cotter pin passes through the nut, st 
hardened plug. 

Two springs of opposite hand are j 
for each valve. 

The pistons are of aluminium alio; 
“Zephyr” type and carry four peg 
rings upon the upper skirt and one v 
scraper ring upon the lower skirt. 

The gudgeon pin is hollow and is si 
directly in the aluminium piston b 
which' it is located endways by a 1 
one end and a bar carried by a stu 
other end. One end of this bar ei 
recess in the piston and prevents the 
pin from turning. 

-The connecting rods are of H sec 
small ends of both rods and the an 
end of the articulated rod being bus! 
phosphor bronze. 

The articulated rod is anchored Ir 
the loading side of the master rod big 
Tko big end is lined with white m 
directly into the rod, in which three d 
grooves are provided to retain th 
The big end caps are stopped into • 
rod anil are secured by four boltf 
liners are litted between the cap an 
facilitate the fitting of the bear! 
small end bearings are lubricated b 
strapped along the shank of the rod an 
oil from tko big end and anchor 
respectively. 

The crankshaft is hollow througl 
bores being olosod at the ends by 
I conical plugs hold in position by 1 
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the forward end a large flange is provided to surface of the crankcase, thus relieving the 
carry the annular wheel of the propeller aluminium webs of the top half of the ease 
reduction gear, and at the rear end a flange from explosion stresses. 

is formed to which an extension is bolted. The aluminium alloy crankcase consists, of 
This extension carries the skew-gear wheel four main parts as follows: A main portion 
by which the auxiliaries are driven. carrying the cylinders and crankshaft, an oil 

The crankshaft is supported in seven plain sump, a roar portion containing tho gears 



Fig. 3. 


bearings, comprising bronze shells lined with which drive the camshafts and auxiliaries, 
white metal. The shells have no flanges and and a nosepieoe which contains tho cvpicyolio 
are prevented from turning by thick bronze reduction gear and the propeller shaft, 
shims, and are located endways by a dowel The main portion is deep and well stiffened 
in the cap and an oil-nipple in the top by transverse weirs in which the centre and 
half. intermediate webs are supported. The two 

The main hearings are entirely independent end main bearings are carried in tho end walls 
from the lower portion of the crankcase and of the main portion. 

are supported by steel caps held to the top Along the outside of tire main portion a 
half by long holts passing up to the upper longitudinal flange is provided at tho crank- 
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shaft level to stiffon tho case against horizontal 
forces. 

Tlio engine is supported by four detachable 
bearer foot, each of which is secured to the main 
portion of tho crankcase by four bolts which 
are relieved from shear stress by horizontal 
tongues engaging grooves in the crankcase. 

Each cylinder is secured to the crankcase 
by four studs, which are provided with midway 
llanges. The studs are screwed into holes 
in tlie case and are locked by nuts on the inside 
of tho case. By this means the studs are 
securely lixed in the case without relying 
entirely on screw threads in aluminium. 

The sump is secured to the main portion by 
numerous studs, closely pitched, in order to 
ensure a good union between the two parts so 
that the sump shall contribute to the stiffening 
of the main portion. Tho sump is braced by 
two transverse webs. A detachable suction 
filter is provided at the lowest point of the 
sump. 

The rear portion of the crankcase is attached 
partly to the main portion and partly to the 
sunt]). 

Tho main drive for the camshafts and 
auxiliaries comprises a skew wheel of sixteen 
teeth, carried by a transverse shaft, from 
the ends of which one pair of magnetos is 
driven. 

The bevels driving the inclined camshaft 
drives have twenty teeth and are mounted 
on the transverse shaft by means of serrations. 
A spur wheel is mounted upon the hub of the 
right-hand bevel and engages an idlo wheel, 
which in turn drives a spur wheel of the same 
size as the first. This last spur wheel is 
mounted on a second transverse shaft, from 
the ends of which the second pair of magnetos 
is driven. An air-pump for supplying air 
to the petrol tank and the engine tachometer 
are both, driven from this second shaft. 

The twenty-tooth bevels engage thirty-tooth 
wheolH carried by short hollow shafts mounted 
in hearings carried by tho main portion of the 
crankcase. 

These short shafts are internally serrated 
al. their upper ends and tho serrations engage 
serrated sleeves attached to tho lower ends 
of the inclined camshaft drive shafts. The 
upper ends of these inclined shafts are inter¬ 
nally serrated and engage the serrated ends 
of short shafts on tho upper ends of which 
twenty-live tooth hovels are mounted. These 
bevels engage fifty-tooth bevels secured to tho 
camshafts by cones and keys. 

An unusual feature of those engines is the 
use of a spring drive between the crankshaft 
and t he whole of the auxiliaries and camshafts, 
in order to protect these parts from any 
torsional oscillations in the crankshaft. 

The spring drive is incorporated between the 
first skew - gear wheel and the crankshaft 


extension, upon which the former is rotatabb* 
mounted. The oscillations of the spring drive 
are damped by means of a multiplate brake. 

The camshafts are supported in three-part 
bronze casings, which are mounted on the 
cylinders by pairs of studs carried bv tlie 
cylinder heads. 

The hollow camshafts with integral earns are 
supported by five plain bronze bearines in the 
camshaft casings, the thrust of the" driving 
bevels being taken by ball-thrust bearings. ° 

The valves are operated by rockers Carried 
by the camshaft casing and are provided with 
rollers to engage the cams. 

The valve clearance is adjusted by placin'- 
shims between the rocker and the head of the 
screw which contacts with the valve stem. 

The valve timing is as follows: Inlet opens 
10° after top centre and closes 54° after bottom 
centre; exhaust opens 54° before bottom 
centre and closes 10° after top centre. 

Mixture is supplied to the cylinders in groups 
of three by four Rolls-Royce Claudel Hobson 
carburettors placed in pairs at the ends of the 
V formed by the cylinders. The bend of 
the induction pipe connecting the carburettor 
to its manifold is water-jacketed. 

In order to facilitate starting, the manifolds 
are provided with nozzles to enable petrol 
to be sprayed into the induction system by 
means of a hand-pump. 

The carburettors are fitted with Messrs. 
Rolls-Royce’s altitude control, consisting of a 
fluted needle valve situated between the float 
chamber and the jet well. 

The cylinder cooling water is circulated by a 
centrifugal pump,.'which is driven at one-and- 
lialf times engine speed by a shaft and a skew- 
gear wheel, which engages the skew- wheel 
mounted on the crankshaft and operated by 
the spring drive. 

The engine is lubricated under a pressure of 
from 35 to 45 lbs. per square inch by means of 
a. gear-type pump driven at reduced speed by 
means of an epicyclic gear. 

This gear is driven by a shaft carrying a 
skew-gear wheel meshing with the crankshaft 
gear wheel. 

Above the pressure pump and coaxial with 
it a second gear-type pump, of larger capacity 
than the pressure pump, is provided to 
scavenge the sump and return the oil to 
the reserve oil tank. 

Two relief valves are provided and connected 
in series, so that a pressure of about 8 lbs. per 
square inch is maintained between the valves. 
This low pressure supply is employed to lubri¬ 
cate the camshafts, timing gears, and propeller 
reduction gears. . 

The propeller reduction .gear is of the 
compound epicyclic type,in which an annulus 
gear, mounted on the forward eranksfla 
flange, engages planets carried by the propeller 
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shaft, these planets in turn engaging a 
stationary sun-wheel secured to the nosepiece. 

There are three pairs of planets, each pair 
comprising a wheel engaging the internally 
toothed annulus and a pinion engaging the 
sun. 

In its original form the sun - wheel was 
anchored by means of an Oldham coupling, 
but in order to relieve the gear from any 
abnormal torque variations Messrs. Rolls- 
Royce have recently employed a friction 
anchorage for the sun-wheel, so that this 
member may rotate slightly when the torque 
exceeds a certain value. The friction anchor¬ 


age is provided by means of a multiplate 
clutch (see power view, Fig. 2). 

A noticeable feature throughout these 
engines is the use of relatively fine serrations 
in place of keys, and as spanner holds in place 
of hexagons and squares. 

The graphs (Fig. 4) give the brake perform¬ 
ance based on the average of several hundred 
engines of this type. 

The indicated performance has been obtained 
by calculating'the mechanical losses, by the 
method employed by Ricardo, 1 and adding 
these losses to the brake mean pressure, thus 
.enabling the mechanical efficiency to be 
arrived at. The mechanical efficiency of the 
propeller reduction gear has been taken as 
1 See Automobile Engineer, July 1916. 


99 per cent at 1.600 r.p.m., 98'5 por eeufc at 
1800 r.p.m., and 98 per cent at 2000 r.p.m._ 
(ii.) The Vauxiiall Engine ..—The following 
description refers to the 30-98 h.p. Vauxiiall 
engine as fitted in the fast touring oar chassis 
produced by Vauxiiall Motors Ltd., of Luton. 

This engine has been developed to meet the 
requirements of fast travel on the .road, and 
although capable of propelling a suitable racing 
chassis at speeds exceeding 1.00 miles per hour 
on the track it is in no sense a freak design. 

The engine has four cylinders of 08 mm. 
bore and 150 mm. stroke, giving a piston 
displacement of 4-5 litres. 

The cylinders are of 
cast iron and form one 
, 5 monoblock pasting with 

all the valves on one side 
1 ~ of the engine. 

The inlet and exhaust 
valves are located in a 
side pocket forming an 
extension of the combus¬ 
tion chain her, the axes 
of the valve stems being 
inclined to the cylinder 
axis at an angle in order 
to allow sufficient room 
for the valve springs, 
while keeping the com¬ 
bustion chamber as com¬ 
pact as possible with this 
typo of head, 

The valves arc both of 

2 in. diameter in the 
throat. The material 
used for the inlet valve is 

3 per cent nickel steel 
case - hardened all over, 
and for the oxhauHt valve 
14 per cent chromium 
steel. Over ouch valve 
a bronze cap is pro¬ 
vided. Valve guides of 
bronze aro employed, 
these guides having suit¬ 
able Boatings formed on them to carry the 
upper end of the valve springs. The lowin' 
end. of the valve spring is hold by a light 
steel oupped carrier which is attached, to the 
valve stem by means of a pair of externally 
coned cotters, which engage in a mums turned 
on the valve stem. 

In the crown of oaoh cylinder a bronze 
fitting is provided to carry a sparking plug 
and to close tho opening in the water jacket 
through which the jacket core sand is removed. 
This fitting is screwed into the cylinder crown 
and passes through a large recessed washer 
which rests on a facing on the jacket and 
serves as a gland box to contain packing 
compressed by a gland and nuts carried 
by the fitting. By the use of this con- 
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sfcruotion a water-tight joint ia ensured 
wit]tout straining the walls of the cylinder 
head. 

On the aide of the cylinder block remote 
from the valves a longitudinal passage is 
oast, which communicates with two passages 


passing within the water jacket between mechanic!? efficiencV’anT’cS'^ ^ 
oylmclom 1 and 2, and 3 and 4 rnspnotaly The reciprocatingmi ca," be LeSZy'Si 


bosses as well as in the small end of the con 
neetmg rod. Slipper surfaces of unequal area 

subiected t f irfaeeS bein = 011 the side 

subjected to thrust during the working stroke 

Considerable advantages are gained" hy Tim 

use of this type of piston, both as rewards 
mechanic* regards 



to cuiiAgy mixture to tlm mint valves on the 
other side of the hlneU. 

The carburettor employed is an aero type 
48 It.A. Zenith and is attached through a 
water-healed elhmv to a facing on the side 
of the longitudinal passage referred to. An 
external pipe leads hot water from the top of the 
cylinder block to the upper side of the elbow. 

The pistons used in this engine are Ricardo 
aluminium alloy slipper pistons 1 having two 
rings and tins gudgeon pin free to rotate in the 

1 Fora full aeemuit of this typo of piston, together 
with test results, see Automobile Engineer, March 
1017 and October 1018. 


owing to the elimination of much metal and 
the favourable disposition of that retained. 
The gudgeon pin is well supported close up 
to the sides of the small end of the connecting 
rod, thus removing all danger o'f bending, 
with consequent local overloading of the 
hearing surfaces. Owing to its short length 
and good support the gudgeon pin can be 
made considerably lighter than in the conven¬ 
tional trunk type of piston. In addition to 
small mass a further gain as regards mechanical 
losses results from the reduction of oil shearing 
surfaces to the minimum required to deal with 
connecting rod thrust. There appears to he 
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no doubt, as the result of extensive experi¬ 
ments, that the shearing of oil films between 
piston and cylinder is responsible for a large 
part of the total piston friction loss. It must 
be borne in mind that the oil in question is 
largely contaminated by carbon and gummy 
products resulting from the burning of the 
oil film during the working stroke. 

The connecting rods are H section 3 per 



Fig. 0. 

cent nickel steel stampings machined all over. 
The small end is bushed with phosphor bronze 
and the big end is lined with white metal 
cast direct into the rod. This white metal 
is retained by two circumferential dove¬ 
tailed grooves machined in the rod and cap. 
By casting the white metal into the rod 
three advantages are gained: in the first 
place, better thermal contact and consequent 
heat dissipation are obtained, owing to the 
absence of the oil film which unavoidably 
forms between a bronze shell and the rod; 


secondly, the weight of the shell is saved; and 
thirdly,' the bulk, and therefore the weight 
of the big end, is reduced. The Having of 
weight in the big end is of the utmost, import, 
ance in a high-speed engine, owing to the very 
serious load imposed on this bearing by 
centrifugal force due to the rotating mans on 
the orankpin. 

At high speeds the centrifugal load is the 
largest component of the 
big-end load, and as it is 
always acting in one direc¬ 
tion, this bearing at high 
speeds obtains no relief to 
facilitate the ingress of 
lubricant, 

hour bolts arc provides! 
to hold the big-end cap to 
the rod. 

Tim crankshaft is sup¬ 
ported in live die east 
white-metal hearings sup¬ 
ported directly in the 
crankcase without the use 
of bronze shells. The 
orunkpins and main 
journals are hollow, the 
ends of the bores being 
filled by cups driven and 
soldered in position. Holes 
are drilled in the forward 
web of each crank throw 
to enable oil to pass from 
the hollow journals to the 
erunkpins. 

At the forward end of 
the crankshaft a silent, 
chain pinion is keyed, and 
beyond the pinion a sleeve 
carrying claws to engage 
the starting handle is 
pinned to the shaft,. Tim 
flywheel is bolted In a, 
flange formed on the rear 
end of the crankshaft, and 
immediately behind this 
flanges an oil thrower is 
turned upon tins shaft. 

Ah will las Mean from 
the sectional driwgiigs, the 
hearing surface provided 
for the crankpins and main bearings is generous. 
The caps of the main hearings are supported 
independently of the sum]) by means of long 
bolts which pass up to tins upper facts of the 
top half of the orankease, the heads of these 
bolts being sunk in recesses to leave' a clear 
surface for the cylinder feet. The use of 
through bolts in this manner is a very desirable 
practice as it transmits the bearing loads 
directly to the cylinder feet and avoids threads 
in aluminium, which are necessary when studs 
are employed. 
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I he 01 ankoaae is of aluminium ’alloy and. is has fnin- i„ r i i . 

split on tllo ‘',‘alikshaft axis The upper half the hollow andlvifh ,1 ““'"".‘“““■'S ™h 
m provided with, longitudinal flanges adapted tamed between tw ! 16 annular space con- 

to support the engine and is swelled out on On the dm™ ?; e two Patous. 


|- uaiiges adapted 

to support the engine and is swelled out on 
one side to enclose the camshaft. ‘The bolt 
centre to centre distance between the bearers 
is 17-75 in., and the depth of the top half of the 
crankcase from the crankshaft axis to the 
cylinder foot is 7-0 in. The crankcase as a 
whole is particularly rugged, and the top half 
is additionally stiffened by the monoblock 
cylinder unit. 

The sump serves as tin oil reservoir and is 
detachable without disturbing the crankshaft 
or any of the working parts. A filtering tray 
is provided in the sump to filter all oil which 
drains from the cylinders and moving parts, 
and this tray slides 
into position and can 
lie withdrawn for j= 
cleaning by remov- Q0 
ing a cover plate at ^ 
the front of thosump. I 
At the rear end of J 70 
the sump a large | 
plug is provided to go 
enable a second 
filter, surrounding 
the oil pump suction, 00 
to be removed for | 
cleaning. <S 40 

The camshaft is g 
mounted in three £ 
plain hearings and 80 

is driven by a silent 
chain, the chain so 

wheel being bolted 
to a centre piece 

which is mounted on aoo 1000 1200 noo 
the camshaft by a < 

cone and key. The 
cams are integral 


On the down stroke of the nmrm mi t , 
from the underside of the lower piston 
annular space, from which it passes & * 
external pipe to the rear end of , , 

“° n ^ castint0 tlle side of the top 
naif of the crankcase. ' l l 

On the up stroke of the plunger, oil flows 
mto the pump cylinder through the bell valve 
and fills the space below the lower of the 
piston portions. A certain amount ofS 
flows back through the inclined holes ?mt 
owing to the greater resistance offered bv 
these holes as compared with the resistance 
offered by the ball valve, a considerable 



R 



1200 1400 1600 1800 2000 2200 2400 2600 2800 

Revolutions per minute 


with the camshaft and are of the oooontrio base 
circle type. The earns operate directly on 
rollers carried by the valve tappets which 
work in bronze guides held in position in 
the top half of the crankcase by (logs, each of 
which holds down two guides, 

The clearance between the tappet and valve 
stem is.rfidj listed by a, set screw and look nut 
carried by the upper end of the tappet. At 
the rear end of the camshaft an overhung 
cmnkpin is provided to operate the plunger 
oil pump and the air pump for placing the 
fuel tank under pressure. 

The oil pump consists of a long cylinder 
carried by the top half of the orankouso and 
projecting down to near the bottom of the 
sump. At th» lower end of tins cylinder a ball 
suction valve is provided. The plunger has 
two enlarged portions adapted to form pistons 
and provided with oil-retaining grooves. The 
lower of those enlarged pistons is hollow, and 


amount of fresh, oil is drawn in on each up 
stroke. 

A float carried on one end of a counterpoised 
rooking lever is provided in the bottom of 
the sump to operate a rod projecting upwards 
through the engine-supporting flange to indi¬ 
cate the oil level. 

The camshaft and magneto are driven by 
means of a silent chain, the tension of which 
is adjusted by arranging the bearings of the 
spindle of the magneto chain wheel in eccen¬ 
tric housings. The magneto is driven by a 
laminated spring coupling and is mounted on 
a platform in such a manner that it can 
be displaced sideways to accommodate the 
movements of the spindle when the chain is 
adjusted. A pulley for a V belt to drive the 
radiator fan is mounted on the end of the 
chain wheel spindle. 

The carburettor is a 48 R. A. Zenith aero type. 

The curves shown in Fig. 7 give the brake 
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performance as obtained by Messrs. Vauxliall 
using a Proud water dynometer. The indi¬ 
cated performance and mechanical efficiency 
have been arrived at by calculation by the 
method already referred to. 

(iii.) The Ricardo 150 h.p. Tank Engine.— 
The two engines already described _ represent 
examples of the light type of relatively high 
speed petrol engine in which advantage is 
taken of special materials and a high rotational 
speed for the development of large power 
outputs for a low weight. As contrasted with 
this type there is the relatively lower speed 
engine designed to develop a large torque 
at low speeds and to run at or near its full 
load continuously for long periods. 

As illustrating this latter type, the writer 
has selected the Ricardo 150 h.p. Tank Engine, 
of which the following is a description (see 
Figs. 8 and 9). 

In considering this engine it must be borne 
in mind that its design was in many respects 
controlled by limitations imposed by the fact 
that it was required to be interchangeable 
with the 105 h.p. Daimler engine, previously 
used in the Tank service, both as regards 
length at the crankshaft centre line and overall 
width. The depth below the crankshaft was 
also limited. 

It was also required that a minimum use 
should be made of special steels and aluminium, 
so that mild steel had to be employed for such 
parts as crankshafts, and aluminium only used 
for pistons and induction pipes. 

The bore and stroke are 5-625 in. and 7-5 in. 
respectively, and at the normal speed of 1200 
r.p.m. the engine develops 165 b.h.p. 

The six separate cylinders are of oast iron 
with large openings at the sides, which are 
covered with-steel panels screwed on. This, 
form of cylinder facilitates foundry work and 
allows the cylinder centres to be brought close 
together, thus shortening the engine and re¬ 
ducing the bending moment duo to the couples 
arising from each group of three cylinders. 

Single inlet and exhaust valves are provided 
in each cylinder, the inlet valve being arranged 
above the exhaust and operated by a rocker 
and push rod. The inlet valve seating is 
formed in a detachable housing so that the 
exhaust valve can be changed or ground in by 
removing the inlet valve and its housing. 

As will be observed from the illustrations, 
very great care has been taken to ensure ample 
cooling of the exhaust valve by carrying the 
water space all round the seating. The stem 
is cooled by extending the water space as close 
as possible up to the valve head and by the 
use of a bronze guide which assists in conduct¬ 
ing away heat. * 

The valves are made of 3 per cent nickel 
steel case-hardened all over. The case- 
hardening provides a highly carburised surface 


which resists pitting and enables a phosphor- 
bronze guide to bo employed without risk of 

seizing. „ . 

The inlet valve is “masked, that is to 
say, it operates as a piston valve during t he 
first and last portions of its travel by closing 
into a recess formed round the valve sent. 
The fit of the valve head into this recess, is 
sufficiently close to proven!, any substantial 
flow of gases past the valve when the pressure 
difference on either side of the head is small. 

The advantage of “masking” is that it 
enables the period between the valve leaving 
its seat and returning thereto to be substanti¬ 
ally lengthened, while employing a normal 
valve timing as referred to the points of 
leaving and entering the mask. The lengthen ¬ 
ing of the period during which the valve is oil' 
its seat enables a, very rapid ont-oif to he 
obtained while using low accelerations, as t he 
valve can he slowly dropped on to its seat 
after it has entered its mask. 

As a result of this arrangement the valve 
can bo hold very nearly wide open until the 
out dead centre is reached, and the gases can 
then be rapidly out off by lowering the valve 
into its mask. Consideration of the valre¬ 
opening diagram in relation to piston velocity 
will show that the gases have excellent 
facilities for filling the cylinder at the end of 
the suction stroke. 

The pistons employed on these engines are 
of a typo developed by Mr. Ricardo and known 
as cross-head pistons, from the fact that the 
side thrust due to the connecting rod obliquity 
is taken on a cross-head and guide, thus 
relieving the cylinder walls from all side loads. 

The piston is of aluminium alloy and, consists 
of a head carrying the rings and provided with 
a tubular extension on its underside. At. the 
lower end of this extension bosses are formed 
to carry the gudgeon-pin bushes, and suitable 
flanges are provided to locate a sleeve which 
forms the guiding member of the piston. 

This sleeve is made of east iron and is 
secured to the lower piston flange by T. 
headed bolts. The sleeve works in a guide 
lined with anti-friction metal. 

The advantages of this form of piston are 
that it gives a high mechanical efficiency and 
enables large diameter aluminium pistons 
to be employed with complete absence of 
piston slap. 

The reasons underlying the increase in 
mechanical efficiency due to the use of those 
cross-head pistons are as follows. In practi ¬ 
cally all internal combustion engines the largest 
mechanical loss is that arising from the 
friction of the piston on the cylinder wall. 
In spite of the fact that the bearing pressure 
per unit area and the rubbing speed in the 
ease of a piston are in general lower than the 
pressure and speeds found in ordinary bearings, 
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the friction arising from pistons is greater 
than in bearings. It appears probable that 
this is due to the fact that in the case of pistons 
as ordinarily arranged the rubbing surfaces 
are lubricated with oil fouled by particles of 
carbon and gummy residues. 

In the cross-head piston the whole of the side 
thrust due to the obliquity of the connecting 
rod is taken by the cross-head guide, which is 
lubricated with clean, unfouled oil, and the 
head of the piston, carrying the rings, is 
relieved of all contact with the cylinder wall. 
Further, the reciprocating weight with the 
cross-head construction in aluminium is very 
considerably less than with a cast-iron trunk 
piston, and is comparable with the weight of 
a light aluminium trunk piston of the same 
size. 

The lubrication of the cross-head guide can 
be copious without any risk of excess of oil 
being passed to the bore of the cylinder. 
The lubrication of the rings is effected by 
providing holes in the cross-head sleeve, which 
overrun the upper edge of the guide when the 
piston is near the top of its stroke. These 
holes communicate with the interior of the 
piston and allow oil to be drawn out and 
sprayed on to the cylinder wall by the partial 
vacuum caused by the upward movement of 
the piston. Any fouled oil draining from the 
cylinder bore can be led away and prevented 
from contaminating the oil in the crankcase. 

The pistons are cooled by contact of the rings 
on the cylinder walls and by the circulation 
of air which is drawn into the chamber surround¬ 
ing the cross-head guides. This air passing up 
under the pistons cools the piston heads, and the 
heat picked up by the air from the heads and 
guides warms the air before it passes to the 
carburettors which draw from the cross-head 
chamber. The heat thus picked up by the air 
is found to be just sufficient to supply the 
latent heat of evaporation of that portion of the 
fuel vaporised in the induction system on full 
load, and the extra heat picked up on reduced 
loads effectually prevents condensation of fuel 
in the induction system. The circulation of 
air over the top of the crankcase prevents 
undue heating of this part by conduction and 
by radiation from the piston crowns. 

It will be observed that the gudgeon pin 
is of unusually short length, and it might be 
supposed that wear would in consequence be 
excessive. In practice it has been found that 
these pins are remarkably free from wear, for 
the following reasons. The ends of the pin 
are supported in bosses which are situated 
relatively closely together, so that the tendency 
of the pin to bend under load is small, and 
consequently one of the principal causes of 
trouble with gudgeon pin bearings is removed. 
Further, the pin is free to rotate both in the 
piston bosses and in the connecting rod small 


end, so that the rubbing speed is halved and 
local wear avoided. 

The connecting rods are of mild stool lb 
in. centre to centre length, giving a ratio of 
connecting rod length to crank throw of 
4-2(1 : 1. The small end bush of bronze is 
secured in the rod by swaging a portion of the 
bush into a slot formed in the top of the rod. 
The big end bearing consists of® white metalled 
shell which is located in the connecting rod 
by means of a pin passing through the shank 
of the rod parallel with the erankpin ax to, 
and engaging in slots in the flanges of the 
bearing shell. Tho big end cap is secured by 
four holts. 

The crankcase is of east iron split on the 
crankshaft axis. Tho seven crankshaft bear¬ 
ings are white metalled shells supported in 
tho lower half of tho crankcase independently 
of the top half of the crankcase. Tho bearing 
caps are mild steel stampings to which tho top 
half of the bearing shells are secured by means 
of a stem formed on tho shell, passing through 
a hole in tho cap. Those stems are drilled up 
and are connected to tho oil - distribution 
system, so that they servo tho purposes of a 
hearing location and a connection for the 
introduction of oil. 

Tho object of supporting tho main hearings 
in the lower half was to enable tho crankshaft, 
the main bearings, or the top half to bo 
removed without disturbing the base which 
carries tho engine foot. Any of tho main 
bearings can bo removed and replaced without 
disturbing the crankshaft, by removing tho 
cap and top half of the bearing and rotating 
the lower shell round the shaft. 

Tho crankshaft is a mild steel forging with 
solid journals and hollow crank plus. Tho 
outside diameter of the journals and crank pin 
is 2-875 in., and the bore of the pins 1-4875 in. 
Tho lengths of the journals are: flywheel end, 
4-0 in.; forward end and centre bearing, 
2-875 in.; intermediates, 2-125 in. 

The flywheel is an iron casting 2(1 in. in 
diameter, bolted to a flange formed on the 
crankshaft. On the forward end of the shaft 
a Lanchostor vibration damper is mounted. 

Owing to the limitation imposed on the over¬ 
all length of the engine, tho length of the 
journal and erankpin hearings had to be 
restricted, and it was decided to favour the 
big end bearings and to roly on tho use of 
balance weights to reduce the loading on the 
main hearings, should it be found necessary to 
reduce the load,factor on these bearings owing 
to the poor wearing qualities of til© mild steel 
crankshaft which had to be used. 

The lubrication is arranged on the dry base 
system. Three oscillating valveless plunger 
pumps are provided at the gear end of the 
engine. Tho plungers are all operated by a 
erankpin formed on tho end of tho spindle 
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carrying the idle wheel connecting the crank¬ 
shaft pinion and camshaft wheel. One of the 
pumps supplies oil under pressure to the 
distribution, system, and the other two pumps 
return the used oil to the external oil-tank. 
An oil sump is provided at each end of the 
ha.se chamber. Each of the scavenger pumps 
is connected to one of the sumps, so that the 
crank chamber is kept free from accumulated 
oil oven when the engine is tilted through 
largo angles. 

The distribution system consists of a pipe 
running the length of the engine, inside the 
crank chamber, with branch pipes leading to 
each main bearing. A relief valve is provided 
at the flywheel end of the main pipe, and a 
branch is led from an intermediate point in 
this pipe to an oil-pressure gauge. Oil passes 
from the main hearings to the crankpins by 
way of inclined holes drilled through the 
crank webs to connect the interior of the pins 
with a hole in the adjacent journal. The 
exit hole's in the crankpins are drilled at the 
side of the pins at the point of minimum 
loading. 

Owing to the restriction imposed on width, 
all the auxiliaries were grouped at the ends of 
the engine. 

The auxiliaries consist of two magnetos, 
two governors, throe oil-pumps, water-circulat¬ 



ing pump, and an air-pressure pump for 
putting pressure on the petrol tank. One of 
the governors controls the maximum engine 
speed, and the other was intended to open 
tiic throttle when the speed dropped below 
400 r.p.m. This latter governor was subse¬ 
quently found to be unnecessary. 

An interesting feature in connection with 
the valve driving gear is the method of 


providing for adjustment of mesh of the idle 
wheel, by mounting it in a spider bolted to the 
end of the crankcase so that its position may 
be adjusted. J 

Mixture is supplied to the cylinders by two 
vertical 55-mm. Zenith carburettors which 
normally draw the ’ 

whole of their air 
supply from the cross¬ 
head chamber. A 

hand - adjusted cold 
air supply is provided 
for use in very hot 
weather. 

The performance of 
these engines is given 
in the accompanying 
graphs, which are self- 
explanatory. It may 
be pointed out, how¬ 
ever, that as all the 
engines made were 
tested on swinging 
field dynamometers, 
the various frictional and pumping losses were 
easily ascertained under actual running con¬ 
ditions as to temperatures by motoring the 
engine with fuel and cooling water cut off. 
The motoring method of ascertaining the gross 
mechanical losses was checked by Morse’s 
method of cutting out one cylinder at a time 
while running under full load, and noting the 
drop in torque equivalent to the indicated 
power of the cylinder cut out. 

The following mean results w'ere obtained in the 
last eight hours of a ten-hour test made on a standard 


engine to establish a heat balance sheet: 

B.H.P. 

. 1G2-9 

Fuel (lb. per b.h.p. hour) 

0-554 

Brake thermal efficiency 

. 24-7 p.c. 

I.H.P. . . . 

. 187-0 

Indicated thermal efficiency . 

. 28-4 p.c. 

Indicated efficiency relative to 

the air 

standard .... 

. . 64-0 p.c. 

Heat loss to jackets (B.Th.U.’s per hour) 418,000 

Heat to indicated work. 

28-4 p.c. 

Heat to cooling water . 

. . 24*9 p.c. 

Heat to exhaust, radiation, etc. 

. 46-7 p.c. 

The fuel used was Shell spirit, 
heating value 18,000 B.Th.U.’s 

sp.g. 0-725, lower 
per lb. The air 

standard efficiency for the compression ratio of 4-34: 1 
is 44-4 per cent, and the mechanical efficiency 87 

per cent. 


The following are some of the principal data of 

these engines: 


Number and arrangement of 

cylinders 

. Six, vertical, 

separate. 

. 5-625 in. - 

. 7-500 in. 

. 4-34: 1 

. 165 b.h.p. at 

Bore .... 

Stroke .... 

Compression ratio 

Normal b.h.p. and speed 

1200 r.p.m. 

Bralco mean pressure . > 

. 97-3 lbs. sq. in. 
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Mechanical efficiency . . -88 per cent. . 

Indicated mean pressure . • 110-6 lbs. sq. m. 

Fuel consumption (0-730 s.g. spirit) 0-636 pint 

b.lnp. hr. 

Brake thermal efficiency . .23-6 per cent. 

Indicated thermal’efficiency. . 26-8 per cent. 

Air standard efficiency • • 44-4 per cent. 

Relative efficiency (fuel supplied) . 60-4 per cent. 


Gas Velocities {ft. per sec.) at 1200 r.p.m. 


Choke tube 
Carburettor body 
Vertical induction pipe 
Induction manifold 
Inlet port . • • • 

Inlet valve (period above mask) 
„ (total period) . 
Exhaust valve . 

Exhaust port 
Exhaust branch pipes . 

Exhaust manifold 


353-0 

168-0 

165-2 

156-3 

109-6 

168-3 

130-8 

148-25 

140-3 

140-3 

126-6 


Weight of piston complete with 
rings and gudgeon . • 

Total reciprocating weight per 
cylinder . • 

Weight per sq. in. piston area 
Mean inertia pressure at normal 
speed ..-••• 
Weight of rotating mass of con¬ 
necting rod .... 
Total centrifugal pressure at 
normal speed . • * 

Centrifugal pressure per sq. in. 
piston area . 

Mean average fluid pressure, in¬ 
cluding compression. 

Total loading from all sources per 
sq. in. piston . 

Diameter of crankpin . 

Rubbing velocity of big end 
(normal speed) 

Width of big end bearing (effective) 
Projection area of big end bearing 
(effective) • 

Ratio piston area/projected big end 
area 

Mean average pressure on big end. 
Load factor on big end bearing . 


7-25 lbs. 

10-82 lbs. 

0-435 lb. 

33-3 lbs. 

7-13 lbs. 

1094 lbs. 

44-4 lbs. sq. in. 

43-0 lbs. sq. in. 

109-5 lbs. sq. in. 
2-875 in. 

15-04 ft. sec. 
2-25 in. 

6-47 sq. in. 

3-84: 1 
421 lbs. sq. in. 
6330 lbs. ft. sec. 


A. T. E. 


Phase (in Thermodynamics). See “ Thermo¬ 
dynamics,” §§ (28), (52); “ Phase Rule,” 

§ (JO- 

PHASE RULE 


I. Introduction 

§ (1) Introductory. —Liquid water may be 
in equilibrium with its saturated vapour 
throughout a wide range of temperature and 
pressure; but if one of these variables, let 
us say temperature, be fixed, there is only 
one pressure at which permanent equilibrium 
is possible. At 0° 0. this pressure is 4-6 mm. 
of mercury, while at the standard boiling- 
point, 100° C., the equilibrium pressure is 
760 mm. Again, at a certain temperature, 
a fraction of a degree above the normal 


freezing-point, ice, water, and vapour can co¬ 
exist in stable equilibrium under the pressure 
of the vapour at that temperature, .but, 
in this case, no variation is possible : at the 
triple point, with ice, water, and vapour 
in equilibrium, the temperature must be 
+ 0°-0068 G, and the pressure 4-0 mm. of 
mercury. If either temperature or pressure 
depart from these values, the equilibrium 
will be disturbed, and either ice, water, or 
vapour disappear. 

In these systems we have but one component 
—water substance, the chemical compound of 
composition H a O. There are three possible 
phases —solid ice, liquid water, and aqueous 
vapour. Tbe tlicrmody na mi o investigation 
of tbe phenomena of equilibrium between the 
phases in systems of one or more components 
led Willard Gibbs 1 to formulate a simple 
law to which is given the name of the Phase 
Rule. 

§ (2) Definitions.-- In more complex sys¬ 
tems, wo may have equilibria such as that 
between calcium carbonate on the one band 
and lime with carbon dioxide on the other. 
In this reaction 

CaOO ; ,^±CaO 1- OO,. 

When the velocity of change, in . opposite 
directions is equal, we get equilibrium ana¬ 
logous to that between water and its saturated 
vapour. The amounts„ of lime and. carbon 
dioxide on the right-hand side of the equation 
are independent of each other. We can 
bring more lime into tbe system from, outside 
without changing the total quantity of carbon 
dioxide free and combined. lime and carbon 
dioxide arc independent components of the 
system. But bringing in either lime or carbon 
dioxide or both, of them will affect the equili¬ 
brium, and a change in the amount of calcium 
carbonate will be produced. Hence the 
quantity of calcium, carbonate depends on the 
amounts of lime and carbon dioxide. Oaleium 
carbonate is merely a phase in equilibrium 
with other phases, it is not an independent 
component of the system. 

We are now in a position to appreciate 
the meaning of the following doHnitions : 

A Plum is a mass chemically and physic¬ 
ally homogeneous, or a mass of uniform 
concentration. 

The Components of a phase or system are 
the substances contained in it which are of 
independently variable concentration. 

II. Thermodynamic) Theory on’ the 
Phase Ru.ua 

§ (3) The Equiubhtum of Isotherm ah 
Systems.— The Phase Rule can be deduced 
from the two classical laws of thermodynamics, 

1 Trans. Oomwot. Acad„ 1875-78, 11. and lit. 5 or 
reprint of Willard Gibbs’ papers. 
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which are themselves the expression of accumu¬ 
lated experience in the observed phenomena 
of the mutual transformations of heat and 
mechanical work. 

If heat and work are passed into a system, 
the first law or principle of conservation of 
energy tells us that the gain, 5e, in the energy 
of the system is equal to the sum of the heat, 
dll, passed in (expressed, in mechanical units), 
and the work, oW, dono on the system. If 
the only work involved is that done against 
a uniform hydrostatic pressure, it may be 
written as pSv, but, if other forms of work 
are done, wo may express them all in general¬ 
ised co-ordinates as 2(X5»), whore X denotes 
an intensity factor, such as pressuro or electro¬ 
motive force, and ox the change in a quantity 
factor such as volume or quantity of electricity. 

Hence the increase in energy of a system 
which takes in heat and work may be written as 

8e=> (5H + 2(X5a;). , . (i.) 

The second law of thermodynamics leads to 
the concept of entropy, which is such that 
the change 8</> in entropy when heat passes 
isothormally and reversibly into a system is 
<511/0, where 0 is the temperature, measured 
on the absolute scale, at which the change 
occurs. Hence wo get the relation SH = 0 S 0 
for a reversible change. 

If the change be non-reversiblo (e.g. if 
friction or conduction of heat through finite 
temperature ranges occur) the efficiency of 
the process is less, and the increase in entropy 
is greater. Thus for noil-reversible processes 
511. < 08<p. 

Now lot us substitute these relations in 
equation (i.). Wo get for reversible operations 


Se = Q8(j'> + 2 (XSa), • 

• (ii.) 

and f( >r non-reversible operations 


8c < 08(f) -h 2(Xo;c). 

. (iii.) 

If wo subtract from each side 


8(0tj>) ~ 08(f> -|- </) SO, 



wo obtain the equation and the inequality 

8 {(. - ()</>)£& ~ (j>80 -I- 2 (X&b). . (iv.) 

Let us sup [lose that wo keep the temperature 
constant, that is, that wo deal with an iso¬ 
thermal system. Since thore is no change in 
I), 80 is zero, and wo get 

8\/)Ss i '2(X8x), . . . (v.) 

where $ is written for e - ()</>, a quantity 
which will, often recur in our investigation. 

Wo can now see the physical significance 
of this quantity 8f. It denotes the total 
amount of work, of whatever kind, which is 
put into a system during a small reversible 
isothermal change in the system, and - Sf, 
the decrease in "the function i j>, is the work 
which can bo obtained from the system during 


such a change. Hence $ or its decrease is 
known as the free energy or the available 
energy, and is often written as A in chemical 
treatises. 

If we restrict ourselves to operations carried 
out at constant volume, or, in the general 
case, where any kind of work is done, to 
operations where there is no change in a-, 
Sx vanishes, and we get 

.... (vi.) 

for reversible and non-reversible operations 
respectively. 

Now all real processes are more or less 
non-reversible. Reversibility, in the thermo* 
dynamic sense of the word, is a condition in 
which an infinitesimal change in one of the 
co-ordinates of the system, such as temperature 
or pressure, suffices to reverse the direction 
of change in the system. It is an ideal state, 
which we may approach more or less nearly, 
but cannot reach, since such influences as 
friction and conduction of heat cannot wholly 
be excluded. Hence for all real isothermal, 
constant-volume operations Sip must be less 
than zero, that is negative, and ip must suffer 
a decrease. 

Let ns imagine that ip has reached a minimum 
value. Then, for any further small change, 
it can decrease no more. If it alter at all, 
it must increase. But, since a real change 
must involve a decrease in i p, no real change 
can occur when ^ is a minimum: the system 
must be in equilibrium. 

Thus we reach the necessary and sufficient 
condition of equilibrium for an isothermal 
system in which the quantity factors x, such 
as volume, are kept constant. The condition 
is that the i p function should be a minimum. 

In mechanics we similarly get equilibrium 
when a potential is a minimum, and hence, 
by analogy, the \j/ function is called a thermo¬ 
dynamic potential—the thermodynamic poten¬ 
tial at constant volume. 

In order to investigate the condition of 
equilibrium for a system at constant pressure, 
or, in the general ease, when the intensity 
factors X in the expression 2 (Xda;) for the work 
of all kinds are kept constant, we must return 
to relations (ii.) and (iii.), 

oex=8otp + 2 (Xdx), 
and subtract from each side 
8{0<p + 2(Xa)} = 6o<p + (p80 +2(X5cc) + 2(z5X), 
thus obtaining the relations 

8 ,f e _ e<j) - 2 (X®)} 2 (afiX). (vii.) 

If we write f for e — Ocp — 1{Xx), and restrict 
ourselves to isothermal operations, we get 

- 2 (a:oX), . . (viii.) 

relations which indicate that of has not 
such a definite physical significance as 8f t 
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the available energy., Nevertheless, f gives 
us the condition we seek. 

If we work at constant pressure, or, in 
the general case, when all X’s are constant, 
5X vanishes and 

of^O, . . . . (ix.) 


where, as before, the equation characterises 
reversible and the inequality irreversible 
processes. Hence it follows that, when f is 
a minimum, no real, i.e. irreversible, process 
can occur, and the system must be in 
equilibrium. 

We have now obtained a complete solution 
of the problem of the conditions of equilibrium 
of isothermal systems in the two cases which 
are at once the simplest and most important. 
When the afs (including the volume) are 
constant, must be a minimum, and when the 
X’s (including the pressure) are constant,must 
be a minimum. 

The functions ^ and f are thermodynamic 
potentials, and involve the internal energy, 
the temperature, the entropy, and the co¬ 
ordinates X and x of the system. and ( 
are therefore functions of the composition, 
the temperature, and the pressure of unit 
mass of the system. 

§ (4) The Equilibrium oe Phases. —Let us 
once more return to the consideration, of the 
system with which we began—a liquid, water, 
in contact with its saturated vapour. If a 
small mass 5m of liquid evaporate at constant 
volume, there will be an increase, say, d\f/ v 
in the value of i/q for the vapour, and a de¬ 
crease, Si/'a, in that for the liquid, while, if 
the change occur at constant pressure, the 
corresponding quantities will be 5£i and 5f a . 
The total rate of increase per unit mass 
evaporated is therefore 

ctyi d^n (U\ _ djh 
dm ~ ’Em’ r dm dm 


In order that the system should be in 
equilibrium, \j/ or f must bo a minimum, and 
therefore the differential coefficient must vanish. 
Hence the necessary and sufficient condition 
of equilibrium for the component water sub¬ 
stance in the two phases is 

dm dm’ | 
d £i _ d(~o 
dm dm 


at constant volume 


and at constant pressure = - 


(x.) 


These quantities were named by Gibbs the 
chemical potentials, and, for brevity, the 
equations such as (x.) may be written as 

Mi = ha* 


At the triple point, where ice, water, and 
vapour coexist in equilibrium, we have also 


But the last is not an independent equation, 
it is implicitly contained in the other two ; 
for three phases, containing one component,' 
we have two independent equations when the 
three phases are in equilibrium. 

§ (5) The Phase Rule. —We are now ready 
to consider the general problem of equilibrium 
in a system containing r phases and n com¬ 
ponents. 

For each component we can get a series of 
equations like those just obtained, giving the 
conditions of equilibrium for that component 
in pairs of coexisting phases. As before, the 
best possible equation will be implicitly con¬ 
tained in the others, and the number of in¬ 
dependent relations is consequently one less 
than the number of phases, or r - 1. In the 
whole system, containing n components, we 
shall have a series of these equations for each 
component, since, if the whole system is in 
equilibrium, each component must bo in 
equilibrium in each pair of coexisting phases. 
For instance, in a mixture of water and 
alcohol in equilibrium with the mixed vapour, 
both for water substance and for alcohol sub¬ 
stance must i u 1 = g 2 . Hence, in the whole 
system, the number of independent relations is 
n(r - 1), 

and these are relations between quantities 
which are functions of the composition, the 
temperature, and the pressure. 

Let us now ask what is the number of 
independent variables in the system of r 
phases and n components. 

In unit mass of each phase there may be 
n components. The composition of the phase 
is known if the masses of n - I of those com¬ 
ponents are given. For instance, in one gram 
of a solution of a aalt in alcohol and water, if 
we know that there is half a gram of water 
and a quarter of a gram of alcohol, wo do not 
need to be told that thoro is a quarter of a 
gram of salt. 

Altogether wo have r phases of which this 
is true. Hence the number of independent 
variables defining the concentration or com¬ 
position of the system is r(n -1). But, besides 
the composition, we must know tho tompera- 
turo and pressure. The volume of unit mass 
will then of course bo fixed, and is not an 
independent variable. Hence to the internal 
variables, defining the composition, wo must 
add two, the temperature and the pressure. 
The whole number of independent variables is 
thus 

r(n~ 1) +2, 

and, to determine these variables, we have 
n(r~ 1) independent equations, containing 
functions of those same variables. 

, If we have the same number of simultaneous 
equations as we have independent variables, 
the variables must each have one and only 


and 
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one determinate value. That is, the system 
can exist in equilibrium only at one tempera¬ 
ture, one pressure, and one composition of 
each variable phase. Such a system is known 
as non-variant or invariant. It is defined by 
the relation 

n(r~ 1 )=r(n- 1) + 2 

or ?i-r + 2 = 0. . . . (xi.) 

On the other hand, if there are less in¬ 
dependent equations than there are variables, 
tlio system will not be completely determined. 
It can exist in equilibrium in different condi¬ 
tions, and its amount of indeterminedness will 
increase with the excess of variables. For 
instance, if there is one more variable than 
there are equations, one unknown will remain 
unspecified. In the equilibrium between a 
liquid and its vapour, n is 1 and r is 2 ; hence 

n~r + 2 = 1. . . . (xii.) 

This system is known as monovariant or 
univariant, it can exist in equilibrium 
throughout a wide range of temperatures and 
pressures. But, if one of these variables bo 
fixed, the other is fixed also. At 50° 0., for 
example, equilibrium is only possible between 
water and steam at a pressure of 92-3 mm. of 
mercury. 

Wo now see that the excess of the number 
of variables over the number of independent 
equations between them may rightly bo called 
the number of degrees of freedom of a system. 
If this number be written as F, wo have 

F= r(n- l)+2-«.(r-l) = «-r + 2 (xiii.) 
as the symbolic expression of Willard Gibbs’ 
Phase Rule, which, put into words, is : 

The number of degrees of freedom of. a 
system in equilibrium is two more than the 
excess of the number of components over the 
number of coexisting phases. 

III. Am.roATiox of Tins Phase Rule 

§ (0) • Onh-oomx’onent Systems.—A s the 
simplest and most familiar application of the 
Phase Rule, let us deal with the phenomena 
of equilibrium between the different phases of 
water substance. 

To obtain a non-variant system, wo must 
have as in equation (xi.) 

F=«.~r + 2 = 0. 

Since there is only one component, n is unity, 

and we find .. 

r~ 3. 

That is, to got a system which is completely 
specilied, throe phases must coexist, or ice, 
water, and vapour can coexist in stable equili¬ 
brium at one temperature and one pressure 
only, viz. at the freezing-point H- 0 o -00(»8 0., 
under the pressure of the vapour, which is 
4’0 mm. of mercury. 

The further relations of a one-component 


system, as illustrated by the Phase Rule, are 
best exemplified by means of a plane diagram, 
drawn between temperature and pressure as 
ordinates (Fig. 1). On this diagram the in¬ 
variant system of three phases is represented 
by the point P, the so-ealled triple point. Both 
temperature and pressure are fixed and de¬ 
termined. 

Lot us imagine that, to this system of three 
phases, heat is added. lee will gradually melt, 
but, as long as any ice remains, neither tem¬ 
perature nor pressure will change. The melt¬ 
ing-point is constant and the vapour pressure 
is constant. 

When, the last particle of ice disappears only 
two phases are left. In the equation (xiii.) r is 
now 2, and F becomes unity. We have the 
system of liquid 
and vapour in n 
equilibrium as ex- 1 
plained above; wo 
have a univariant 
system. On the 
diagram, this 
system must bo 
represented by a 
simple line — that 
is, by a figure 
which, for one 
value of the abscissa, has one value of the 
ordinate only. In this ease, the line is PA, the 
well-known vapour pressure curve of water. 
It ends at the critical point, where the dis¬ 
tinction between liquid and vapour ceases 
and above which only one phase exists. 

The slope from point to point of curves such 
as this is given by tlio so-called Latent Heat 
Equation, 1 

dp L ... 

ar (%-,,)■ ■ ■ <*"•> 

where p is the pressure, 0 the temperature 
measured on the absolute scale, v a - the 
change in volume produced when unit mass 
of one phase passes into the other, and L the 
latent heat, i.e. the amount of heat, measured 
in mechanical units of energy, that must ho 
added to cause this transformation. The 
Phase Rule enables us to predict the number 
and meaning of those curves of equilibrium, 
and tlio Latent Heat Equation gives their 
slope. Hence the Phase Rule and the Latent 
Heat Equation contain together the complete 
solution of the problem of equilibrium. 

And now lot us return once more to a 
mixture of three phases at the triple point. 
Instead of passing heat into this mixture, -let 
us imagine it to be abstracted. Water will 
gradually freeze, but, so long as any liquid 
remains, the temperature and pressure are 
unaltered and wo still have an invariant 
system. 

1 See article " Thermodynamics.” 
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But, when the last drop of water freezes, only 
two phases, ice and vapour, remain. Again, 
in the equation (xiii.) r is 2 and F is rarity, 
and once more we must represent the system 
on our diagram by a line. This curve PE, 
showing the equilibrium between solid ice and 
aqueous vapour, is the vapour pressure curve of 
ice below the freezing-point. Since the latent 
heat of the change from solid to vapour near 
the freezing-point is the sum of those for the 
changes solid to liquid and liquid to vapour, 
the slope of this curve is greater than that of 
the vapour pressure curve of water, and the 
curve for ice lies below that for under-cooled 
water. 

Finally, if instead of passing heat into or 
out of the invariant system, wo attempt to 
increase the pressure, its rise will be only in¬ 
finitesimal ; vapour will condense, and the 
volume will diminish. When all vapour has 
gone, we get the univariant system liquid water 
and solid ice. The curve of equilibrium PI), 
since the change in volume from ice to water 
is small and negative, is shown by the latent 
heat equation to be very steep, and to slope 
upwards from right to left. It gives the de¬ 
pression of freezing-point as pressure increases, 
which is one degree centigrade for about 147 
atmospheres. 

§ (7) Two-oomponent or Binary Systems. 
—As an example of a simple system containing 
two independent components, we will take 
water and an anhydrous salt such as potassium 
chloride. In the Phase Rule Equation (xiii.) n 
is 2, and to get a non-variant equilibrium wo 
have 

F=0=2-r+2 
or r=4. 

The four possible coexisting phases are crystals 
of ice, crystals of salt, saturated solution, and 
the vapour, which, since the vapour pressure 
of the salt at ordinary temperatures is negli¬ 
gible, is the vapour of water only. 

Our piano diagram, where the co-ordinates 
are temperature and pressure, is now inade¬ 
quate, because a new independent variable 
appears—the concentration of the solution, 
For graphical representation, we shall want 
another axis, and therefore we must take a 
three-dimensional model, which can be indi¬ 
cated on a plane diagram by a perspective 
sketch (Fig. 2). 

In this model, the invariant system of four 
coexisting phases is represented by a point P. 
The co-ordinates of this point are fixed by the 
tefnperature t corresponding to the freezing- 
point of the saturated solution under its own 
vapour pressure, the vapour pressure p, and 
the composition c of that solution at the 
■rcezing - point. For water and potassium 
ihloridef= -11°-1 C.,j)=2'0mm. of mercury, 
mdc=24-6 grams KOI to 100 grams H a O. 


This constancy of composition and of melt¬ 
ing-point used to be thought characteristic 
of elements or definite chemical compounds 
only. And Guthrie, who first investigated the 
phenomena of these invariant systems, called 
the mixture of solids cryohydrates. 

Let heat be passed into this non-variant 
mixture. Ice melts, and salt dissolves in the 
liquid so produced to form more saturated 
solution ; the co-ordinates are unaltered. But 
eventually either salt or ice fails. If ice fails 
first, leaving excess of salt, we are left with 
salt, saturated solution, and vapour—three 
phases which, in accordance -with the rule, 
form a univariant system represented by a 
lino such as PA in our solid model, the 



vapour pressure curve of a solution saturated 
from point to point as the temperature rises. 

If, on the other hand, the supply of salt 
fails, leaving excess of ice, the solution grows 
more dilute as ice melts, and in the end, if 
the amount of ice is unlimited, the solution is 
infinitely dilute, i.e. this freezing-point curve 
ends at. B, the freezing-point of pure water. 
Along its length the concentration varies fast 
—it lies quite out of the plane of the sketch 
diagram. 

If heat be taken from the non-variant mix¬ 
ture, liquid vanishes, and wo get PE the vapour 
pressure curve of mixed ice and salt, while, if 
the volumo be diminished and finally pressure 
be increased, we obtain the last possible uni- 
variant system made up of ice, salt, and 
saturated solution, represented in .Fig. 2 by 
the lino PD. 

The four curves so obtained mark out 
edges in the solid model, and these edgos form 
lines of contact betwoen sheet-surfaces. Such 
surfaces represent di-variant systems with 
two degrees of freedom, and, as the Phaso 
Rule shows, two phases in equilibrium. For 
the example taken, these pairs of phases are 
written on the diagram (Fig. 2). 

Finally, between the di-variant surfaces 
three-dimensional spaces exist, representing 
the three degrees of freedom characterising 
systems containing one phase only. The 
meaning of each space on the diagram can 
be seen by taking the phase common to the 
two surfaces which bound the space in question. 
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Tho complete significance of the diagram is 
now clear. 

This diagram also represents the phenomena 
of equilibrium between water and a hydrated 
salt such as sodium sulphate, NaaSO,,. lObLO, 
“ hydrate ” being substituted for “ salt ” whore 
it occurs in Fig. 2. In this case, the curve OA, 
giving the equilibrium between hydrate, solu¬ 
tion, and vapour, ends at 32° G., where the 
hydrate melts and passes into anhydrous 
sodium sulphato and water. At this point, then, 
wo get another non-variant system, tho four 
necessary phases being solid hydrate, solid 
anhydrous salt, liquid solution, and. the 
vapour. From this point start four uni¬ 
variant curves, repeating qualitatively the. 
phenomena of Fit]. 2. 

When we pans from the qualitative to tho 
quantitative study of these phenomena, the 
general sketch of tho model must bo replaced 
by a projection of tho uni variant curve in 
question on one or other of tho three planes. 
Thus experiments on the connection between 
temperatures and solubility arc represented 
by projecting the curve OA on the C-{ plane. 
In order to do this, the pressure at each point 
should be that of the vapour at that point, 
but, since tho solubility of a solid does not 
change much with pressure, the simpler ex¬ 
periments made under constant atmo¬ 
spheric pressure give the theoretical uni¬ 
variant curve with enough accuracy. 

Simple illustrations maybe taken from 
solutions of salts in water, or, to open new 
ground, from alloys. Fig. 3 shows the 
equilibrium between silver and copper. 

Pure silver melts at 960°, and the ad¬ 
dition of copper lowers the melting-point 
in a univarhmt manner. On the other 
hand, pure copper melts at 1081 o, f>, and 
tho addition of silver similarly lowers the 
melting-point. The two curves cut each 
other at a point B, where there are 40 
atomic per cents of copper and. the tem¬ 
perature is 777°. Hero wo get four 
phases : crystals of the two pure metals, 
the liquid, consisting of the saturated B 
solution of each in the other, and tho 
vapour. By the Phase Rule this is a 
non-variant system ; microscopic examina¬ 
tion shows that its crystalline structure is 
more uniform than that of a mixture of 
any other proportions, and it is hence 
called a eutectic alloy. Tho crystals are 
those of pure silver, represented by E, yy 
mixed with those of pure copper, repre¬ 
sented by F. Below 777° no liquid can 
exist, hence underneath the horizontal lino 
EBF wo have a region in tho diagram which 
represents solid alloys made of mixtures of 
copper crystals and silver crystals in varying 
proportions. In the region ARB we have 
crystals of silver and a solution saturated 


with silver, and in CBF copper and a solution 
saturated, with copper. Above the equilibrium 
curves AB and CB no solids exist, and the 
liquid is an unsaturated solution. 

If a melted alloy, such as that represented 
by the point G in Fig. 3, of composition 



richer in copper than that of the eutectic 
mixture, ho cooled, solid copper, represented 
by the point M, is deposited when the tempera¬ 
ture falls to that corresponding to tho point H. 
The residual liquid thus becomes richer in 
silver. It changes as indicated, by the curve 
HB, till its composition is that of the eutectic. 
At B silver and copper are deposited together 
in eutectic proportions till the whole system 
is solid. Microscopic examination of the 
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solid so obtained will show the larger crystals 
of pure copper first deposited, cemented to-, 
goth or by a conglomerate made of tho smaller, 
more regular crystals of both metals deposited 
outeetieally. 
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Solution 


Ice + H 


The copper-silver diagram of Fig. 3 will also the so-called solute and solvent. Along the 

curve CB the solution is saturated with and 
I * ' in equilibrium with salt, and along AB it is 

y . 1 | IB saturated with ice. At the eutectic point B 

i | j both ice and salt exist. Fig. 3, therefore, will 

[ I i represent the equilibrium between water'and a 

1 ' salt, if ice be read for silver and salt for copper. 

H A If water and salt combine to form a hydrate, 

or if two metals, such as antimony and copper, 
form a compound, we get as one possibility 
"Solution a Hiagx'aixi. of the type shown in Fig. 4. 1 

If the compound have the composition re¬ 
presented by I-I, the vertical lino T"EH 
N divides the figure into two, each part being 
analogous to the complete diagram in Fig. 3. 
At E the solid hydrate or other compound 
E is in equilibrium with a liquid of the same 
composition, and we get a constant melting- 
point. Adding either component to this 
compound causes the melting-point to fall. 
Along the curve CED the hydrate is in equi- 
q , q ; librium with the saturated solution. At 0 

j we have a non-variant eutectic point where 

Ice -r H j ! hydrate and ice are the solid phases, and at 

i i D another eutectic point with hydrate and 

. - ! ' anhydrous salt as solids. 

/ K H J S If a liquid represented by U be cooled 

Fig. 5. along UR, solid hydrate, represented by X, 

appears at E. As more and more hydrate 
present, in a qualitative way, the equili- crystallises out, the composition of the liquid 


K H J S 


Unsaturated 


Solution 


represent, in a qualitative way, the equili¬ 
brium between 
water and an 
anhydrous T g 0 a 
salt. The point 
A represents 170° 
the melting- 
point of ice and 150 
the point G that 0 
of the salt. 1 30 
For potassium 0 
chloride, for 110 
instance, this ° 
point is 730° C. 

Practically, the 70 ° 
investigation of 
this case pre- 50° 
sents diffi¬ 
culties, • since 30° 
above 100° 0., 
owing to the 10° 
high vapour f 0 
pressure of -10 
water, the ex- 0 
periments have “ 3 p 
to be carried _ g0 ° 
out under 
rapidly increas¬ 
ing pressures, 
but the change 

thus produced in the state of equilibrium of 
the solid and liquid phases is very small, 
and, theoretically, the diagram brings out the 
fact that there is no real distinction between 


L/ MgCl s - 2H 7 0 
f- Solution 



- 30 - 1 + SoUdhnS^y m MgGl s -12H 2 0 
? fco4-%cy 12 H 2 o Q MgCI*8H 3 0 



MgClf 4H S 0 
MgCI 3 -2H 3 0 


MgCI 3 - 6H 3 0 


MgCU 4H 3 0 


30 40U 50 60*70 80 {90 100 110 120 130^ 


changes, the proportion of water increasing 

1 Figs. 4, 5, 6, and 12 to 18 are taken, by permis¬ 
sion, from Dr. D. A. Clibbens’ book, The Principles of 
Phase Theory (Macmillan & Co.). 
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with falling temperature as shown by the 
curve PC. At () ice appears. 

On the other hand, if a liquid richer in salt 
than the hydrate be cooled along VZ, the 
hydrate X appears at G and the residual 
liquid becomes increasingly more saline till 
anhydrous salt crystals appear at I). 

It is interesting to note that if water bo 
evaporated at constant temperature from an 
unsaturated solution represented by Y, so 
that we pass along the horizontal line YL, 
the liquid will solidify at F, but the system will 
again liquefy at G, whore the line once more 
enters the region of unsaturated solutions. 
It will remain wholly liquid till K, whore 
anhydrous salt appears. When all water is 
evaporated, we are left with pure salt at L. 

Another possibility is shown in Fig. 5. 
Here the non-variant point D has a liquid 
phase containing more water than does the 
hydrate—that is to say, is on the left of T"MH. 
Passing up the curve CD from left to right, 
anhydrous salt appears before the composition 
corresponding to the pure hydrate is reached. 
Liquids of composition V or U when cooled 
deposit anhydrous salt at L and K respectively, 
and hydrate when the residual liquid reaches 
the transition point D. Isothermal evapora¬ 
tion along YE produces hydrate at Z, which 
is converted into anhydrous salt when dehydra¬ 
tion begins at R. 

.Both these possibilities are actually found 
in the phenomena of equilibrium of water and 
magnesium chloride, a salt which crystallises 
with 12, 8, (i, 4, and 2 molecules of water to 
form five different hydrates. Tho meaning 
of Fig. 0 will bo clear without further 
explanation. 

§ (8) Mixed Crystals or Solid Solutions. 
—Hitherto we have dealt with systems where 
tho only phase with continuous variation in 
composition was tho liquid. The solids have 
been crystals, such as ice, salt, a hydrate, or 
a metal, of one dolinito chemical and physical 
constitution. But solids are found with 
continuous variation; they are called solid 
solutions or mixed crystals. For instance, 
it has long been known that in crystals of tho 
alums, one metal such, as sodium can replace 
another such us potassium by insensible 
gradations, .causing no change in tho form of 
the crystals. 

'The thermodynamic theory of those variable 
solid phases has been worked out by Roozo- 
boom,* by a method originally duo to van 
Rijn van Allcemado.® 

Wo have already seen that the condition 
of equilibrium of puck component in two 
coexisting phases is 

dh/q.f-tya 0J , ( U\.... 

dm ., dm’ dm'dm’ 

1 SSetti. phl/a. ('hem,, 1809, xxx, 385. 

» Ibid., 1803, xi. 280. 


according as the system is maintained at 
constant volume or at constant pressure. 
These differential coefficients give the slope 
of the curves in a diagram drawn between 
i p and m or f and m as ordinates. When 
m and therefore the concentration of one 
component in the other is small, we get a 
characteristic dilute system, the energy rela¬ 
tions of which correspond to those of any other 
dilute solution or of a gas. The work done 
during an isothermal compression of a gas is 1 

mRT log - 2 , 

Ih 

whore m is the mass of tho gas, R the gas 
constant, T the absolute temperature on the 
gas scale, and yq and yq the 
initial and final pressures. 

In the problem which now I 
faces us, it follows that the 
work done in introducing a 
further small quantity of sub- jj 
stance is of the form a + log 6m, 
where a and b are independent 
of m. When the concentration is 
indefinitely small, m approaches 111 
zero, and its logarithm - oo. 

The curve must therefore at first 
touch the axis of \p or j'. In 
the diagram of Fig. 7 the pure 
components A and B are repre¬ 
sented by the two sides of the 
figure, while systems of mixed v 
composition are denoted by c 
intermediate points. In Divi¬ 
sions I., II., III., and IV. of the 
figure, the vertical axis gives 
the value of \fs or £; in Division V. it gives 
tho temperature. 

With two variable phases, liquid and solid, 
we have two curves, and we now see that 
each of these curves must start vertically 
downwards from each side of the diagram. 
Lot us consider the possibilities of form in 
tho rest of the curves. “ 

The simplest possibility is that both curves 
should run from end to end with no changes 
in tho sign of curvature, as in Fig. 7. Division 
I. in this figure shows tho two phases above 
the melting-point of cither component. Tho 
liquid being the stable phase, its potential 
must bo less than, that of tho solid, and its 
curve lies below. At a melting-point, solid 
and liquid are in equilibrium, and tho corre¬ 
sponding ends of the two curves coincide. 
At some lower temperature, for certain com¬ 
positions, the solid is stable, and tho two 
curves out each other as shown in Division II. 

Now tho condition of equilibrium as given 
in equation (x.) is that d^ 1 ldm=d^/dm, i.a. 
that the curves should have a common tangent. 
This is satisfied by the points a and 6, which 
1 See article “ Thermodynamics.’’ 
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therefore give the compositions of liquid and 
solid in equilibrium with each other at this 
temperature. Division III. represents similar 
equilibrium at a lower temperature, while 
IF. shows the curves below the 
melting-points, when the solid is 
the only stable phase. 

These four mt; diagrams can 
now be used to construct an mt 
or freezing-point diagram, show¬ 
ing the relation between com¬ 
position and melting-point as in 
Division V, At the temperatures 
of II. and III. a liquid of com¬ 
position a is in equilibrium with 
a solid of composition b, and we 
thus get two curves in Division V., 
the upper corresponding to the 
liquids and the lower to the solids 
in equilibrium with each other. 
These curves are called the liquidus 
and solidus respectively. 

When a liquid of composition 
m cools, solid of composition o 
appears when the liquid is at n. 
As the liquid varies in com¬ 
position from n to p, the solid in equilibrium 
with it changes from o to q, at which latter 
point the whole system has become solid. 

Instead of cutting each other as in Fig. 7, 
the mt; curves may first come into contact 
at an intermediate point as in Fig. 8. This 
gives mt curves as shown in Fig. 8, Division Y. 
If the mt; curves leave each other at a point 
as in Fig. 9, the mt diagram is as shown 
therein, while, if one curve suffers 
a change in curvature as in Fig. 
10, the thermodynamic potential 
between certain points is higher 
L than it is a,t those points and the 
compositions between them are 
unstable, the crystals passing 

spontaneously into mixtures of 
the solid splat!ons represented by 
the points. The corresponding 
freezing-point diagram shows that 
ji' at a temperature c a liquid of 
composition c is in equilibrium 

with solids of composition both d 
and e, no solid solutions of inter- 
I 4 mediate composition being stable. 
I? Between the two lines did and ekm, 
we get mixtures of two solid solu¬ 
tions of compositions represented 
A_Cpnc.« B' by points on those lines. 

Fig. 0 . We are now ready to elucidate 
some of the complex phenomena 
of solid, solutions which have been dis¬ 
covered, especially in the case of alloys. 

The experimental investigation consists chiefly, 
firstly, in observations-, on the rate of 
cooling, when, owing to the evolution of 
latent heat, a slowing drown in the rate 


of cooling marks a change of state whether 
from liquid to solid or from one solid to 
another; and secondly, especially in the case 
of alloys, in the microscopic examination of 




III 


IV 


V 



fa h h 


polished surfaces of the solids 
which have been suddenly cooled 
from a definite temperature by 
chilling in cold water. By this 
chilling, the crystalline structure 
at the given temperature is fixed 
permanently, and it can then be 
examined at leisure. It is found 
that each kind of element, com¬ 
pound, or solid solution has a 
characteristic crystalline struc¬ 
ture by which its presence can 
be detected and its appearance 
and disappearance traced. 

Let us take as an example the 
work of Hoycoek and Neville on 
the bronzes, that is, of alloys of 
copper and tin. 1 Fig. 11 shows 
the equilibrium curves from pure 
copper to an alloy containing 
80 atomic percentages of tin. 

Above the “liquidus” curve, 

ABCDEFG1I, the alloys consist 
of a homogeneous liquid, and 
below the “ solidus ” curve, AMw/EoEjIPM, 
the whole mass is solid. But, even in this 
solid mass, changes of structure go on when 
the conditions are altered. For instance, the 
two curves IX and E'X, which cut each 
other at X, enclose a region which represents 
homogeneous solid solutions of varying com¬ 
position. Along IX and E/X, these solutions 
are in equilibrium with other solids which 

Atomic Par cents of Tin 

TO 20 30 40 50 GO 




crystallise out when the mass is cooled slowly 
(as down the dotted line) so as to cut one of 
these curves. 

The meaning of the rest of the diagram is 
clear from what has already been said. The 
regions representing the different crystalline 
substances of definite composition a, (3, y, S, ij 
1 Trans. R.S. A, 1904 cell. 1. 
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iiro marked with those letters, while the region 
in which (3 and y join in varying proportions 
to form solid solutions is marked f-iy. 

§ (9) TmiBK-COMUONKNT OR TERNARY SYS¬ 
TEMS. —The Phase Ride Equation, 

E = n - r + 2, 

shows that, for three components (n — 3), to 
get a non-variant system, wo must put r = 6, 
that is, assemble five phases in equilibrium. 
If, as before, only one liquid and one vapour 
phase be possible, we shall want three distinct 
solids to complete our five phases. 

When no mixed crystals are formed, the 
solids a,re invariable, and if also only one 
component be volatile, the liquid is the only 
variable phase. To express the composition 
of unit mass, we shall need to know the value 
of n - I or 2 co-ordinates. Diagrammatic 
representation' of tho complete system, then. 


w 



FlG. 12. 


would need a four-dimensional model. By 
taking the pressure constant, as is legitimate 
when dealing only with solids and liquids, 
wo can reduce our four dimensions to a possible 
three, while by working at constant tempera¬ 
ture wo can represent the equilibrium of three 
eompouents on a plane diagram. 

In order to do this, wo will use a method 
introduced by ( libbs. Points at the angles of 
an equilateral triangle are taken to represent 
the three components in. a pure state. A point 
in any side then represents a mixture of two 
components, and a point I? within the triangle 
mixtures of three components, tho amount of 
any one component being proportional to tho 
distance of P from the side opposite to the 
angle representing that one component in a 
direction parallel to one of the other sides. 

'rims, to take as an example a system of 
water W and two salts Sj, and S 2 , the point P 
(Fig. 12) represents a solution of a:Sj/ and 
y S.j, in unit mass, tho amount of water, 
1 - (irfVl-yHji), being represented by PE or PG-. 

Let the composition of a saturated solution 


of Si in water he represented by A (Fin 13\ 

s,Z ^ f S and D saturated 

sohikons of S, in water containing two 
different amounts of S 2 . At P the amount of 
b 2 is enough to saturate the liquid with S 2 


w 



also, and here the solution is in equilibrium 
with both salts. For an isothermal system, 
F is an invariant point—the equilibrium is 
completely defined for the one temperature 
represented by the. plane diagram. In the 
same way, the curve BEF represents liquids 
saturated with S 2 in solutions of S x in water 


w 



Figs. 14. 


of increasing concentration, and once more 
when we reach F the liquid is saturated with 
both salts. 

If the two salts form a compound double salt, 
its composition may be represented by a point 
D in the line S]S 2 (Fig. 14). Its saturation curve 
in solvents of varying composition will be some 
such line as CE, the liquid being also saturated 
with Sj at C, and with S 2 at E. These points, 
0 and E, represent non-variant systems. 
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The phenomena of isothermal evaporation 
can lie traced by following lines such as UFD, 
VLP, and XCG on the diagram. For instance, 
when we pass along UD, we start with an 
unsaturated solution prepared by dissolving 
the compound in water. At F it deposits 
crystals of pure S x , and the composition of 
the residual liquid passes along the curve 
from F to C, where the liquid is also saturated 
with the compound. Hence, in such cases, 
the compound is said to be “ decomposed 
by water,” though theory now shows us that 
such reactions depend on the thermodynamic 
relations of equilibrium between solid and 
liquid phases. By whatever form of words 
we describe the phenomena, our theory 
enables us to foretell the conditions necessary 
for the separation of one constituent salt from 
a solution of two salts or a double salt. 

Points between <T and D represent complexes 



of both S x and the compound, in equilibrium 
with the invariant solution C, and, if we 
enter the space DOE, as by evaporation of a 
liquid represented by V or X, the deposited 
S x will redissolve, and we shall get the com¬ 
pound double salt as the only solid. This, in 
its turn, will become mixed with crystals of 
pure S 2 if we pass into the space DES a . 

A somewhat similar diagram is obtained if 
either of the salts forms a solid hydrate with 
water. Its form is clear from what has been 
already said. The isotherm at 25° 0. for water, 
sodium sulphate, and sodium chloride is given 
in Fig. 15. 

The effect of changes in temperature may 
be represented by superposing these isothermal 
diagrams one on the other. We thus get a 
three-dimensional triangular prism in which 
the whole phenomena may he set forth. 

§ (10) Four -component ob Quaternary 
Systems. —When another or fourth component 
is present and n= 4, even if we work at con¬ 


stant pressure and constant temperature, it 
will need a three-dimensional model to repre¬ 
sent the composition of the liquid phase. This 



Fig. 10. 

can best be done by using a regular tetra¬ 
hedron, each of the faces being an equilateral 
triangle. Points on one face of the tetra¬ 
hedron represent systems containing the com¬ 
ponents represented by the three corners of 
that face, just as in the case of the ternary 
systems already considered, and points in- 


NaCI 



side the tetrahedron correspond to systems 
containing also the fourth component. 

The tetrahedron may bo drawn as a per¬ 
spective sketch or projection on the base of 
the tetrahedron, or it may be imagined as 
standing on one edge, symmetrically about a 
vertical plane through that edge, and then be 
projected on a horizontal plane. We thus get 
a square, in which we .can represent the system 
on a plane diagram. Figs. 16 and 17 show. 
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the equilibria of water with sodium, copper, 
and barium chlorides by these two methods 
for a constant temperature of 30°, where the 
stable solid phases are NaCl, BaCl a . 2H a O, and 
CuClj>. 2H a O. The point g represents the iso¬ 
thermal invariant solution which is saturated 
at 30° with these three solids, the composition 
being 

NaCl BaCl a CuCl 2 H a 0 

10*49 1-97 36-12 51-42 per cent. 

When double salts, anhydrous or hydrated, 
are formed, more complicated diagrams of 
course result. 

Another type of quaternary system is given 
by mixtures of two salts with no ion in 
common, such as potassium nitrate and 
sodium chloride. Here a double reaction 

KNO s + NaCq^NaNOg + KC1 

is possible, and, indeed, in solution the salts 
are ionised. Thus, from a liquid containing 
"H H- — _ 

K, Na, NOg, and Cl any of the four possible 
salts may be deposited. Nevertheless, since 
the equation given above describes the re¬ 
action, the concentration of one salt can be 
expressed in terms of the other three, and, 
with water, we still have only four independent 
components. For instance, the amount of 
potassium nitrate is given by 

KNOg=NaNOg + KOI - NaCl. 

If the three salts KN0 3 , NaNOg, and KC1 are 
represented by the three cornel’s of the tri¬ 
angular base of ■ a tetrahedron, the apex of 
which corresponds to water, solutions con¬ 
taining KN0 3 will be represented by points 
having a negative value of NaCl, that is, points 
such as b lying beyond the side NaNO ; „ KC1 
of the triangle NaNOg, NaCl, KC1 of Fig. 18. 
Instead of drawing this as an equilateral, it is 
better to make it a right-angled isosceles 
triangle as in the figure. The poinj; repre¬ 
senting pure KNOg will then, if all composi¬ 
tions are expressed in molecular proportions, 
bo at the fourth corner of the square. 

The complete diagram of Fig. 18 represents 
the isotherms at four different temperatures. 
No hydrates or double salts appear, and the 
system is the simplest possible of its type. 

Lot us make a practical use of this diagram 
to investigate the conditions in which we can 
make crystals of potassium nitrate from 
sodium nitrate and potassium chloride. The 
solution containing equimolecular amounts of 
these two salts will be represented by the 
middle point of the line joining them, i.e. by 
the point a, where the diagonals of the square 
intersect. It appears from the diagram that 
at 100° this point a lies within the surface 
, between the axes meeting at the point marked 


NaCl, and the lines meeting each other at Pj 
and P a . This surface represents solutions 
and solid NaCl, so that, if the liquid be 
evaporated at 100° from an unsaturated 
solution of sodium nitrate and potassium 
chloride in molecular proportions, it will first 
deposit sodium chloride. As the amount of 
this salt gets less, we recede more and more 
from the corner NaCl, that is, we pass along 
the diagonal through it. When we reach 
b the liquid becomes saturated also with 
potassium chloride. We must now stop the 
evaporation and filter off the sodium chloride. 
The liquid filtrate contains the salts in the 
proportions corresponding to the point b, and, 
at temperatures below 50°, this point lies 
within the surface between the axes meeting 
at the point marked KN0 3 and the lines 
meeting each other at Pj and P a . This surface 
represents solutions mixed with potassium 



nitrate. By cooling the liquid, therefore, we 
deposit crystals of potassium nitrate. As the 
liquid loses that salt, we pass away from the 
corner KNOg along the diagonal. Let ua sup¬ 
pose the temperature has fallen to 0°. When 
we reach the point c, the solution becomes 
saturated with sodium chloride also, and the 
evaporation must be stopped, since we want 
pure potassium nitrate. 

§ (11) More Complex Systems. —The larger 
the number of independent components, the 
greater the difficulties both of experiment and 
also of graphical representations of results. 
With five components, however, much in¬ 
formation is available. 

At constant temperature and pressure, we 
still have four variables. But, if we leave out 
of our diagrams the constitution of the liquid 
phase as regards water, we can represent use¬ 
fully the relations of equilibrium for four salts 
dissolved therein. 

Instead of taking the salts themselves as 
components, we may take tho ions instead. 
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A five-component system can either have four 
ions of one sign and one of the other, as, for 
instance, when four chlorides are present, or 
it may have three metals shared between two 
acid radicles. 

For the theory of these complex systems, 
and its application to such practical problems 
as the separation of one salt from its mixture 
with several others, the reader is referred to 
Clibbens’ Principles of the Phase Theory (from 
which some of the diagrams in this article are 
taken), to Roozeboom’s Die hcterogenen Gleich- 
gewichte vom Standpunkte der Phasenlchre, and 
to the many papers on the subject which 
will be found in the Zeitschrift fur physikctMsche 
Ghemie and other chemical and physical 
journals. w . c< D . w . 


Pipe Line, Capacity op a. See “ Hydraulics,” 
§ (55). 

Pipe Lines, Losses in. See “ Hydraulics,” 
§ (25). 

Pitot Tube. An instrument used for deter¬ 
mining the velocity of a fluid at a given 
point. See “ Friction,” § (11). 

Planck’s Constant and Theory op Tem¬ 
perature Radiation, See “ Thermo¬ 
dynamics,” § (58); “ Quantum Theory,” 
§ (1), Vol. IV. 

Planck’s Formula for the law of spectral 
radiation, 

E^=c 1 X- 5 (e e “ /AT -l)- 1 , 

specifies the distribution of thermal emission 
intensities in the spectrum of the radiation 
emitted by a uniformly heated enclosure. 
See “ Radiation, Determination of the 
Constants,” etc., I. § (1), Vol. IV. 

Planck’s Radiation Formula : the formula 
which gives the distribution of energy of 
radiation along the spectrum. It has the 
form ^ Sirhc 

Ea = ^^_i)’ 

where T is the absolute temperature, X the 
wave-length of radiation considered, c the 
velocity of light, Ea the density of isotropic 
energy per unit wave-length, and 1c and 
h universal constants. See “ Radiation 
Theory,” § (6), Vol. IV. 

Planetary Theory, Application op Dyna¬ 
mical Similarity to. See “ Dynamical 
Similarity, The Principles of,” § (9). 

Plasters containing Gypsum : General 
Properties. See “ Elastio Constants, 
Determination of,” § (153). 

Platinum, Influence op Purity op, on 
Resistance Thermometers. See “ Resist¬ 
ance Thermometers,” § (6) (ii.). 

Platinum, Polished, Emissivity op, deter¬ 
mined by optical pyrometer. See “ Pyidi- 
mctry, Optioal,” § (22). 


Platinum, Speoipio Heat op, used as a 
secondary standard of temperature in the 
range above 500° 0. See “ Temperature, 
Realisation of Absolute Scale of,” § (41) (i.). 

Platinum-metal Thermocouples, used as 
secondary standard of temperature in 
range 100° to 500° and compared with gas- 
thermometers. See “ Temperature, Realisa¬ 
tion of Absolute Scale of,” § (36). 

Platinum Thermometer, Calibration op 
Box Coils and Bridge Wire op. See 
“ Resistance Thermometers,” § (13). 

Platinum Thermometer Con., Heating 
Eppeot op Current passing through. 
See “ Resistance Thermometers,” § (9). 

Platinum Thermometers, Construction op. 
See “ Resistance Thermometers,” § (6). 

Pneumatio Gauges. See “ Motors : Liquid 
Level Indicators,” § (15), Vol. III. 

Poisson’s Ratio : 

Definition of: The ratio of the lateral 
contraction to the elongation produced 
by a simple tension. See “ Elasticity, 
Theory of,” § (4). 

Method , of Direct Experimental Determina¬ 
tion. See “ Elastic Constants, Deter¬ 
mination of,” § (67). 

Tabulated Values of. See ibid. § (67), 
Table 25. 

Porous Plug Experiment, Joule and Thom¬ 
son’s. See “ Thermodynamics,” § (12). 

Potential, Thermodynamic. See “ Thermo¬ 
dynamics,” § (51). 

Potentiometer 

Hausrath, White, Diesselhorst Typo of, 
designed for the measurement of thermal 
E.M.F.’s so that thermoelectric effects 
at brush contacts are reduced to a 
minimum. See “Thermocouples,” §(13). 
Portable Deflection Typo of: a ■ typo of 
instrument for the measurement of 
thermal E.M.F.’s which occupies a 
position intermediate between the nul 
potentiometer and the moving coil 
deflection instrument. See ibid. § (15). 
Simple Circuit, a practical form for the 
measurement of thormal E.M.E.’s. Sec 
ibid. § (10). 

Suitable for the measurement of thermal 
E.M.F.’s. See ibid. § (9). 

For Thermoelectric Work, points needing 
care in the installation of; (1) Elimina¬ 
tion of parasitic E.M.E.’s, (2) prevention 
of leakage into the potentiometer circuit 
from neighbouring lighting or furnace 
circuits. See ibid. § (26). 

Vernier Forms of, designed by Thomson, 
and Varley for resistance and coll com¬ 
parison work and modified for the 
measurement of thermal E.M.F.’s. See 
ibid. § (11). 
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'Hullet Instrument for the comparison of 
iSas-th^rmometers with secondaiy standards 


temperature in the range 600° to 1600°. 
‘^ec “ Temperature, Realisation of Absolute 
jti Resale of,” § (39) (ii.). 

Assure, Influence of, on Thermal 
■Expansion of Solids and Liquids. See 
Thermal Expansion,” § (13). 
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I (l) Introduction.— Pressure is dolined as the 
*P'eo acting upon unit area, so that the 
UUjhlom of its measurement is resolved into 
determination of the force acting upon 
^ . known area. In comparing any force 
jEi the gravitational force on a' known 
.'’kiss, the value of the gravitational constant 
fleets the result so that a pressure gauge 
U’Aioh determines the weight supported upon 
*Rit area will vary as the gravitational 
CH histant varies. On the other hand, if the 
Ph’ossuro gauge measures the force by the 
^Pistie deformation of some body, its calibra¬ 
tion will be independent of the value of 
’oRe gravitational constant. 

'Pressure may also be measured by the 
°Rect produced upon some physical char¬ 
acteristics of a body, and this may bo termed 
indirect determination of pressure. Such 
8<Uiges may or may not bo capable of use as 
absolute standards. For example, the effect 


depends upon the accuracy required, the 
rapidity with which observations are to be 
made, and upon the variability of the pressure. 
The following paragraphs will describe the 
usual forms of gauge used in the following 
order : 

(i.) Primary static pressure gauges. 

(ii.) Secondary static pressure gauges. 

(iii.) Gauges for measuring varying pressures, 
(iv.) Gauges for measuring very small differ¬ 
ences of pressure. 

All the types of pressure gauges described, 
with one exception, measure the difference 
between two pressures, and in most eases 
one of these is the pressure of the atmosphere. 
When this is the case it is necessary to observe 
the barometric height at the time the observa¬ 
tions are made, and add the pressure of the 
atmosphere to the observed pressure in order 
to obtain the absolute pressure. The exception 
is tho closed mercury column or compressed 
gas manometer (§ (0)). This manometer reads 
tho ratio between the absolute pressure 
applied and the pressure at which tho gas 
reservoir was originally filled. 

The different typos of pressure gauge are 
mentioned, but the descriptions are necessarily 
brief. References are, however, given which 
will supply fuller particulars when these are 
required. The relation between tho more 
important pressure units is given in the 
following table: 


Tabus 

Conversion Factors for Pressure Scales 


(Correct to 1 part in .10,000 at 0° U, taking (7=980*617) 



Lbs. /in. 0 . 

lit. of 
Mercury. 

Aliino* 

spheres. 

Mm. of 
Mercury. 

Kg./cm. 0 . 

JiyMt.'s/t'in. 0 . 

Lb.s./in, 0 , 

1 

y-oano 

(1*804 xl()-° 

0*171x10 

7*031 X10"° 

0*804 XK'I“ 

In. ot Mercury 

•Filly xtO' 1 

1 

a*!M9 x ur° 

b'MOx in 

3*408 x l(r° 

8*880 X10 4 

Atmospheres . 

l-IOlu; X 10 

2*002x1.0 

1 

7*001) x 10° 

1*0888 

1 •0132X10" 

Mm. ol Mercury 

i*u:ia?A nr 3 

n-Wxio- 0 

i*:il, r hSx hi- 1 

1 

1*8000 X10-° 

1*8382X1(1° 

Kg./cm. 0 . 

1*4228 x III 

2*800 X 10 

11*078 X'UT* 

7 mo x 10° 

1 

l)*S0t3 X 10 s 

Dynos/cm. 0 

1 • (:.()IX III-'' 

max i.o-“ 

11*800 XI0“’ 

7 ■501 x 111- 1 

1*0108x111-° 

1 


of pressure upon the electrical resistance of 
a conductor may bo used; but the data 
noooBsary for the calculation of tho effect arc 
in general insufficient to enable such a gauge 
to bo calibrated except by comparison with 
another form, of pressure gauge. A gauge in 
■which tho compression of a gas is utilised 
generally requires comparison with a standard 
gnvigo, not because tho properties of gases 
lxivvo not been sufficiently examined, but 
Ibooauso tho elastic properties of the containing 
vessel are not sufficiently accurately known. 
r I.’Jio usual typo of gauge utilising tho elastic 
deformation of u body suffers from tho same 
disability, since the clastic properties of metals 
tux' to a certain extent variable. 

Tho particular typo of gauge adopted 


§ (2) Primary Manometers. —These mano¬ 
meters are such that they can lie constructed 
and calibrated, without reference to any other 
form of pressure gauge. Tho most common 
form is that in which a liquid column of 
known density is supported by the pressure 
to bo measured. The calibration depends 
upon tho determination of tho density of tho 
liquid and tho provision of an accurate scale 
of length. Tho corrections, that may bo 
necessary for the height of tho meniscus 
capillarity and change of density with pressure 
can bo applied from the physical properties of 
tho liquid used, which properties are generally 
known. 

The second class of primary manometer is 
tho loaded piston, in which tho actual pressure 
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upon a small piston is weighed. This gauge 
depends only upon the accurate measurement 
of piston and cylinder and upon the accuracy 
of the weights used'. Some gauges mentioned 
in this section as primary gauges require 
comparison with another standard in order 
to obtain the highest accuracy. As an 
example the closed mercury column requires 
correction for the deformation of the vessel 
containing the gas, which deformation may 
cause errors in the volume calibration; and the 
loaded piston gauge, in which the load is 
applied by a spring, requires at least a separate 
calibration of the compression of the spring 
which cannot be accurately calculated from 
its dimensions. In both these cases it may 
be more convenient to calibrate by comparison 
with an open column or dead weight piston 
gauge than to determine the unknown quanti¬ 
ties independently. They are treated, how¬ 
ever, in this section owing 
to their similarity to the 
other types of gauge here 
described. 

§ (3) Open Liquid 
, A Columns. —If the differ¬ 
ence in height between the 
top of a column of liquid 
open to the ‘atmosphere 
and the surface subjected 
to the pressure is observed, 
the pressure above the 
atmospheric pressure can 
be determined when the 
density of the column at 
every point is known. 
Whatever the liquid em¬ 
ployed the temperature 
must be observed, in 
order to determine the mean density, and 
a correction must be made for the meniscus 
at the top of the column, and for the 
temperature of the scale used. For small 
pressures the liquid employed is generally 
water, and the simplest form is that used 
for measuring the pressure in gas mains or 
the pressure in the bellows of an organ. The 
gauge can be constructed in a few minutes, 
since it consists of a piece of glass tubing A 
(Fig. 1) fixed to a board B, with a scale C 
capable of small adjustment vertically. The 
pressure is represented by the difference in 
height between the two columns of liquid, and 
if the pressure is stationary the meniscuB will 
bo similar in each tube, so that no correction 
is required, provided that a similar part of 
the meniscus is observed in each case. The 
scale is usually marked in half-size units, so 
that when it is set to read zero for zero 
pressure, the pressure is determined by the 
reading of either column without reference to 
the other. It must be noted that if the zero 
is set to the top of the meniscus, the top of 



D 


the meniscus must be observed in all other 
observations, and similarly for other settings 
of the zero. 

In practice the unit of pressure used is the 
unit of height of the column; for example, an 
organ-builder speaks of the “ weight ” of the 
wind being 4 inches of water, moaning that a 
gauge of this type, filled 
with water, shows 4 inches 
difference in height be¬ 
tween the two columns; 
and the Board of Trade 
regulations state that a 
gas company must supply 
gas to its customers at a 
pressure of at least I# 
inches of water. One inch 
of water corresponds to 
•036 lb. per square inch 
approximately, the exact 
figure depending upon the 
temperature of the water. 

This gauge must be in 
a truly vertical position 
when in use, otherwise the 
reading will be incorrect. 

If the gauge is set to 
zero correctly and after¬ 
wards becomes tilted at an 
angle a from the vertical, 
the true pressure height 
h= H cos a + d tan a, where 
II is the difference of read¬ 
ing on the scales and d 
the distance between the 
tubes. If the scale lines 
are marked at right angles 
to the tubes the zero can¬ 
not be set unless the gauge 
is vertical, for any tilt 
shows the error d tan a, 
by the difference of head 
when the pressure is re¬ 
moved. 

For higher pressures 
the only suitable liquid is 
mercury, and a column of 
mercury is usually em¬ 
ployed by makers of gauges 
as their absolute standard 
of pressure up to 300 or 



B 


I'M. 2. 


450 lbs. per square inch (20-30 atmospheres). 
An exceptionally high mercury column has 
been installed upon the Eiffel Tower at 
Paris. 

A similar construction can be omployod to 
that described above, and for pressures up 
to one atmosphere this is often adopted. 
For larger pressures it is usual to employ one 
column and a large reservoir for the mercury 
at the bottom. Fig. 2 shows a mercury 
column of ordinary construction for measur¬ 
ing pressures to 200 lbs. per square inch, or 
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14 atmospheres. A is the reservoir for the 
mercury and B a small gauge glass for indicat¬ 
ing the level in the reservoir. C is the column, 
D joints in the column, and E the scales, and 
E the board upon which the parts are fixed, 
and. which itself must be firmly fixed to a 
vertical wall. Glass tubing suitable for the 
purpose can be purchased in 10-ft. lengths, 
but these have to be carefully selected, since 
the majoiity of tubes are not sufficiently 
straight. A joint such as D 
occurs at every 10 feet, and it is 
a great drawback to the usual 
construction that a certain piece 
of the column cannot be observed 
at each joint. This can be over¬ 
come at considerable expense by 
duplicating the tube, providing a 
second column from the same 


{H 


H 


>=§ 


reservoir with the joints in posi¬ 
tions differing from those in the 
first column. Another and better 
way is to construct the tube as 
shown in Fig. 3, where the main 
tube C is of steel, and at each 
joint a valvo V is provided, allow¬ 
ing the mercury to flow into a 
glass tube G alongside, which is 
provided with a scale E. When 
one tube is full, the valve is 
closed and the readings for higher 
pressures obtained in the next 
tube above. Each tube overlaps 
the one above, so that the scale 
readings can be checked. It is 
more expensive than the usual 
form, and requires a double 
quantity of mercury, while 
provision must bo made for 
catching the overflow from 
-B all the gauge glasses if the 
pressure is accidentally 
raised to too great an ex¬ 
tra. 8. tent; but the convenience 
. of being able to obtain con¬ 

tinuous readings and the less cost of replacing 
a broken gauge glass compensate for the extra 
cost of construction. 


1 




ihe best fluid for applying the pressure 
to the column is air, owing to its cleanliness, 
and also because a very small correction for 
the height of the air column above the liquid 
is required. Tho air should bo contained in 
a gas bottle provided with a valve capable 
of very fine adjustment. However slightly 
the valvo is opened, the pressure will gradually 
rise to the pressure in tho bottle, so that when 
the desired pressure is reached the valve must 
bo completely closed. When the column is 
nscd for calibrating other pressure gauges, it 
is advisable to provide a small leak valvo, 
capable of fine adjustment, and to keep tho 
pressure valve slightly open. When tho 
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column reaches the desired height, the leak 
valve is carefully opened to a small extent, 
£incl tho pressure can thus be kept perfectly 
constant while observations are made. The 
inertia of a column of mercury is very 
considerable, so that it is not possible to 
obtain accurate readings while it is in 
motion. 

An attachment, which is seldom fitted, is a 
means of lowering the mercury below the zero 
point when the apparatus is to be left out 
of use for some time. There is a definite 
chemical action of tho mercury on the glass 
which causes the glass to become clouded at 
the surface of the mercury after a time, and 
this rapidly prevents the position of the zero 
being observed. It is always necessary to 
check tho zero level in the column and in the 
reservoir, since this depends upon the quantity 
of mercury present. One method of preserv- 
ing dearness at this position is to leave tho 
column with a small pressure, say J atmosphere 
in at all times, so that tho clouded positions 
are clear of tire zero points. 

It is an advantage to have all tho tubes of 
the column of the scime size, find <i reservoir 
of uniform section ,* for tlio depression of the 
zero is then proportional to tho height, and 
an observation of the level in the reservoir is 
unnecessary at every reading. The reservoir 
being much larger than tho tube, tho meniscus 
in tho reservoir is different from that in tho 
tube. Tho reservoir is always so large that 
no correction is required for tho height of tho 
meniscus; but tho gauge glass showing the 
level in the reservoir is invariably so small 
that tho correction for tho meniscus is greater 
than for tho column tube. If, however, the 
column is always used for stationary pressure 
and the zero is sot for definite positions on the 
meniscus in both tubes, no error occurs if all 
readings are taken at the same position of 
each meniscus. If the column is in motion, 
oven to a small extent, an error is introduced, 
for ono meniscus is flattened and the other 
raised by tho motion. Tho amount of this 
orror can bo determined by taking observations 
with the pressure rising slowly and then with 
tho pressure falling slowly. With the ordinary 
size of tubo (10 mm.) and a movement of 
I cm. per minute, tho difference will ho found 
to ho about 2 mm. 

Tho height of tho meniscus is determined 
by the size of tho tube and by tho condition 
of the surface of tho walls. It is advis¬ 
able to ubo as largo a tubo as possible, 
but tho larger tho tubo tho greater the 
inortia of the column, which in some cases 
is a disadvantage. In any caso, whether 
tho tubo is large or small, time taken in tho 
careful cleaning of tho walls of the tubes is 
well spent. 

In most cases a mercury column is erected 

2s 
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passing through several floors of a building, 
and the temperature varies greatly as different 
parts. The temperature can be equalised to a 
certain extent by forcing the mercury to the 
top several times and allowing it to fall 
rapidly in order to mix the mercury up in 
the reservoir. The temperature of the mer¬ 
cury in the reservoir can then be taken as 
representing the mean temperature of the 
column. The scale is generally constructed 
of steel, and if the scale is correct at 0 ° C. 
the divisions will be larger as the temperature 
increases and will compensate in a small 
degree the change in density of the mercury. 
Thus the reading reduced to 6-f C. will be 
Ti(p 1 lp 2 -a{d, 2l -e i )), where H is the observed 
height, p 2 the density of mercury at tempera¬ 
ture 0 2 °, and p 1 the density at the standard 
temperature 8^°, and a the coefficient of 
expansion of the scale. At ordinary room 
temperatures the simple expression 

H x =H S {1 -(-0001818 -a)(d 2 - 8J} 

may be used to give the corrected height H x 
at the standard temperature 8 V In order to 
obtain great accuracy the whole column and 
scale should be enclosed in a water bath 
kept at constant temperature ; but this is 
not convenient except in the case of very 
short columns. 

The difficulties experienced in the use of 
columns are : (1) the correction for tempera¬ 
ture ; (2) the meniscus correction; (3) the 
inertia of the column when the pressure 
changes; and (4) the elimination of parallax 
errors in reading .off the levels. 

The first of these has been dealt with, and 
the meniscus correction when necessary can 
be made from the tables of capillarity, de¬ 
pression. The error due to a moving column 
cannot be exactly allowed for; so that for 
great accuracy a steady pressure must be 
maintained. The parallax error makes it 
necessary that a lift be provided to carry the 
observer to the exact height required. Even 
then great care and experience is required to 
avoid small errors of this kind. 

The error due to parallax can be completely 
avoided by dividing the scale on a piece of 
silvered glass and placing it behind the column. 
The surface of the mercury and its reflection 
together with the nearest scale division and 
its reflection can then be made coincident. 
The first impression of such a scale is a con¬ 
fused mass of lines, but a few minutes’ practice 
enables an observer to place his eye in the 
position to obtain the necessary coincidences 
of lines and reflections. These scales are 
easily made with a dividing engine, either by 
ruling the lines with a diamond or by coating 
the glass with wax in which the lines are cut 
with steel tool and then etching the glass. 
When the lines are cut with a diamond it 


is unwise to cut up to tho edges of tho 
glass or fracture may easily occur. Etched 
lines can bo carried to tho edge since tlx*' 
etched line is not so sharp as tho diamond 
scratch. 

When a mercury column is required to give 
certain definite pressure readings only it oan 
be made with a steel containing tube into tho 
walls of which insulating plugs each carrying 
a platinum wire are inserted. Those platinum 
wires then act as contacts which by com¬ 
pleting an electric circuit indicate when that, 
particular height is reached. This armngo- 
ment is very convenient for marking off tlxo 
dials of pressure gauges in numbers, the cur¬ 
rent operating a. magnet which marks tho 
position of the index hands on tho dials and 
at the same time operating a mechanical 
switch which cuts out tho circuit and makes 
the circuit of tho contact next above. In 
this caso tho pressure is generally kept slowly 
increasing, tho error due to tho inertia of, tho 
mercury in the column not being of importance 
in the marking of gauges for general use. 

In calculating the total pressure duo to a 
column of liquid it is clear that the total 
volume of mercury is not defined by the height 
to the top of tho meniscus or tho height to 
the bottom of the meniscus. That is to say, 
the volume of tho meniscus should ho allowed 
for. Tho meniscus height depends upon tho 
condition of tho surface of tho glass and tho 
bore of the tubo. 

A further correction is needed for tho 
capillarity of tho tube which occurs with tho 
liquid employed. If the liquid wots tho glass, 
as in the caso of water or oil, tho liquid stands 
too high and a negative correction is required 
for the capillarity. If, on the other hand, a 
liquid such as mercury is used, which does not 
wet tho glass, a positive correction for tho 
capillarity is required, tho liquid standing at 
too low a level. 

It is, in most cases, possible to avoid all 
corrections of this kind, for if the gauge glass 
is of uniform section and cleanliness, tho 
correction will bo constant, and if the saints 
portion of the meniscus is observed at all times 
the correction is eliminated. 

In any mercury column tho joints between 
the lengths of glass tubes require careful 
making. The stuffing boxes for tho tubes 
are generally packed with india-rubber rings, 
which prove quite suooossful. All metal 
fittings must, of course, bo of iron or steel, 
and if joints aro required, between such pieces, 
care must bo taken that tho jointing materia] 
does not break away on tho inside, all such 
pieces of dirt floating to the top of the column 
and spoiling tho surface of' the mercury. 
Plane-faced metal joints can bo used, but 
require considerable mechanical skill in manu¬ 
facture. A metal cone joint can bo used 
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without packing. If packed joints are used, 
a plain piece of paper, or paper soaked in 
gold size, is satisfactory. In the latter case, 
the gold size must be allowed to set hard 
before the mercury is introduced. A spigoted 
joint with a paper 
ring can be made 
perfectly satis¬ 
factory for any 
reasonable press¬ 
ure (see Fig. 4). 
Valves must be 
designed so that 
Pig. 4 . no air-pockets can 

bo formed in the 
column of liquid. Mercury column tubes should 
not be less than 1 cm. bore. Although the 
initial cost of the mercury is increased by 
increasing the boro, yet the saving due to the 
ease of cleaning and the greater convenience 
duo to the smaller meniscus compensate for 
the greater initial cost. 

§ (4) Multiple Liquid Columns. —In most 
laboratories it is not convenient to erect an 
open mercury manometer for more than 
about 20 atmospheres owing to the height 
required. Eor higher pressures three methods 
of reducing the height of the column can bo 
used: (1) A series of mercury columns with 
compressed gas between them ; ( 2 ) a compound 
mercury column with a series of U tubes filled 



partly with mercury and partly with a less 
dense liquid; (3) a closed mercury column or 
compressed gas manometer. 

A Series of Mercury Columns . 1 —This form 
of gauge has boon constructed by Professor 
Kammorlingh-Onnes at Leiden" University, 
the maximum pressure available being 100 
atmospheres. The principle of this gauge is 

n shown in Fig. f>, where *j 
1, 2, and 3 are mercury 
11 manometers of the 
usual typo and which 
need not be of the same 
height. The pressure 
is applied to the left- 
hand Jubo of I and will 
force the mercury up 
in the right-hand tube 
which will compress 
the air between A and 
B. The total pressure 
at the left hand of ‘ 
will bo the sum of the differences of height 
of tho mercury in the series of U tubes. The 
compression of tlxo air in the intermediate 
parts of tho tube would, however, be so great 
that a small part only of the total range of 
every syphon except tho first could bo utilised. 
This difficulty is obviated by admitting air 
at high pressure to the intermediate spaces 


I'm, 5. 


1 Oonummioations from the Physical Laboratory 
of tho University of Leiden, No. 44, 1808. 


until the maximum difference in height be¬ 
tween the mercury columns in the various 
syphons is obtained. The pressure of the air 
in each column varies, but all the spaces can 
be filled to the required amount from a high- 
pressure gas bottle and a reducing valve. 
There is a correction to bo applied for the 
weight of tho air column in each tube, which 
correction can easily bo estimated since tho 
pressure in each space is known. 

Fig. 6 shows the end manometer and three 
intermediate manometers of tho Kammer- 
lingh-Onnes gauge. Each intermediate mano¬ 
meter is used to read a pressure difference 
of four atmospheres while subdivisions of 
this pressure are read upon the left-hand 
manometer. Tho whole gauge contains 24 
intermediate syphons like B, ono end syphon 



A and also a small syphon for final adjust¬ 
ment reading ± 2 atmospheres. The whole is 
mounted upon the wall of the laboratory and 
tho control valves placed at a convenient 
height. The largo portions of tubes B aro 
made of suitable thickness to withstand tho 
maximum pressure reached in them and tho 
1 /v^.varies from 6 | to 9 mm. according to tho 
pressure The observer is further protected 
from hurt if a tube bursts by a screen of 
plate glass. Tho capillary connecting tubes 
are small and strong enough to stand any 
reasonable prossuro. To obtain an obser¬ 
vation tho level of the mercury in the various 
bulbs of tubes B is adjusted as nearly as 
possible to four atmospheres for each tube and 
the subdivision measured on a scale by tho 
tube A. When filled with hydrogen, tho 
correction for the head of tho gas column 
amounts to 9 mm. for a pressure of 36,000 mm. 
of mercury and to 21 mm. for a head of 
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76,000 mm. The correction is thus small and 
the accuracy with which a large pressure can 
be read is very groat. Care is required in the 
cleaning of the tubes and drying of the gas 
used and the adjustment to any desired 
pressure is a tedious process, but the accuracy 
of the readings is probably far greater than 
can be usefully employed. 

§ (5) Compound Mercury Column.— In this 
gauge the intermediate spaces between the 
mercury columns are filled with a less dense 
liquid which compresses but slightly and the 
adjustment of the volume of liquid in the 
spaces is unnecessary. A compact form of 
this gauge is shown in Fig. 7, where the U 
tubes A are made up of straight glass tubes 
and metal joint boxes, arranged diagonally 
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Fig. 7. 

so that the upper column appears on the one 
side of the apparatus and the lower column 
of each tube on the other side. Each tube is 
10 feet long so that each syphon gives a pressure 
of approximately four atmospheres. A number 
of valves V are provided, those at the top for 
nfling the upper part of the columns with 
air-free oil or water and those at the bottom 
tor adjusting all tho mercury columns ", 
samo height, at zero pressure. The v uam.bcr 
of syphons in use is varied by opemfiw Sh. 
valve V at the top of the last column to "be 
used. If n columns are in use the total 
pressure P=np where p is the pressure read 
by each separate syphon. A correction must 
be applied for the compressibility of the oil 
or water used and the need for the correc¬ 
tion is shown by the variation in the height 
differences in the syphons. Two measuring 
microscopes M are provided, one on each side 
of the apparatus. The adjustable frames 
carrying these are adjusted to the height 


required and the difference in file columns 
read off by means of an eyepiece micrometer. 

I he value of the height readings of a com¬ 
pound mercury column in units of mercury 
can be represented by II=A(1 - p J Pl ) where A 
is the observed height, Pl the density of 
mercury, and Pa the density of tho liquid. 
The ratio Pt / Pl will vary at different pressures 
because the compressibilities are not identical 
lhe mean density for the whole column will 
be one half the maximum density and the 
compressibility of mercury cannot be neglected 
at high pressures if groat accuracy is required 
An open mercury column of great height 
must be corrected for the mean density of 
the mercury The compressibility of mercury 
is 3-76 x10. o per atmosphere, so that the 
observed height should bo multiplied by tho 
following constant at tho pressures stated : 


Pressure in 


Atmospheres. 

Multiplier. 

20 

1-000038 

50 

1-000094 

100 

1-000188 

150 

1-000282 


The correction amounts to 3 parts in 
10,000 at 150 atmospheres, a quantity which 
is negligible for most work. 

Ihe compressibility of the second liquid 
used m a compound column is more than that 
of mercury and the true height in mercury of 
standard density is 


H: 


=a|i 


•gd + W-C,)} 


very nearly. Where A is the pressure in 
atmospheres and C 1( C 2 tho compressibility 
of ^mercury and the liquid respectively. 

Ihe following table gives tho value of H/A 
for compound columns filled with (1) mercury 
and water, and (2) mercury and olive oil 

Densities at 15° C-water 0-9991; 'olive 
oil 0-92; mercury 13-558. Compressibilities 
per atmosphere-water 49-5 x !()-« • olive oil 
63-3 x 10 -6 ; mercury 3-76 x 10-«. 


Pressure. 

ir 

A* 

IT 

/? 

0 

•92032 

•93229 

50 

■92023 

■93219 

100 

•92014 

•93209 

150 

•92005 

•93199 


From the table above it will be scon that 
or pressures up to 150 atmospheres the 
multiplier is constant to 1 part in 1000, and 
that it is only for much larger pressures or 
for a higher order of aocuracy that the com¬ 
pressibility is of great importance. 

It must be noticed that it is assumed in 
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tho a11 fch '° mercury surfaces are 

u.v curd with the second liquid. This need not 
>e the ease m the hrst and last tubes; for 
the last may be open to the atmosphere and 
dm first to the pressure supply which may be 
a gas. When several tubes are in use, how¬ 
ever,the error produced (which can be allowed 
tor u necessary) is very small. 

The following table gives' the constant of 
a compound gauge of mercury and the other 
liquids mentioned. The values Rjh are for 
atmospheric pressure, but the compressibility 
is given so that the constant at other press¬ 
ures can bo calculated as shown above. 

Taiiwc 01- Dbnsitxks and Compressibilities 
of Liquids 
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Liquid. 


Alcohol (Ethyl) 
Chloroform 
(Uyeerino 
More my . 
Olive Oil. 
Paraffin . 
Water t • 


Density (15"). 


•792 

1 -520(0° 0.) 
1-2(3 
1 : 3-558 
•92 
■80 
•9991 


* 't: 
h . 
atniosnlier 
1’ The ( 
rises. At 


H * 
ft’ 

•9416 

•8876 

■9071 

1 

•9323 

■9410 

•9263 


Compressi¬ 
bility per 
Atmosphere, 


77 x 10-« 
9-5 x 10 -(i 
25 xIQ-® 
3-76x10-' 
63-3 x 10-° 
62-7 x 10-° 
49-5 xlO~ 0 


, density of liquid \ 

density of mercury J tl ' i a bout 15° G and 
ir pressure. 

:t, ?K%T lMi i bilifcy Wft * or fait* ns the pressure 
1000 atmospheres it is about 87x10-°, 


and at 2500 atmospheres about 26x10-“ The 
flpturoH Riven for all substances will he found suifl- 
olonfcly correct for pressures to 200 atmospheres. 

§ ((>) Closed Mercury Column or Com¬ 
pressed Gas Manometer. —In this gauge 
the compression of tho gas is the measure of 
the pressure and the mercury 
column is used as an indication 
of tho volume of the gas. In 
Fig. 8, A is a strong vessel of 
stool in which is fixed a glass 
vessel B, tho upper end of 
which is a tube protruding 
from A through a stuffing box. 
At tho lower end of B is a 
small curved tube filled with 
mercury and acting as a seal 
r fgg | | to prevent loss of the gas en¬ 
closed in B. The upper part 
of B is graduated and the 
volume from the top to each 
graduation and the whole 
volume must be determined. 
Tho vessel A is filled with 
sufficient mercury to reach 
above tho small tube at the bottom of B and 
to till the tube B. When pressure is applied to 
tho mercury in A, it enters the tube B and 
compresses tho gas into tho upper graduated 
end. No reading can bo taken until the gas 
is sufficiently compressed for the mercury to 


5221 

fa 


fsl 



-A 


Ida. 8. 


appear m the exposed part of the tube. The 
volumes of the lower part and tube must be 
arranged so that for the range of pressure 
desired the mercury can be seen in the tube, 
it is sometimes necessary to add a bulb at 
the top of the tube for this reason. 

If the gas obeys Boyle’s law and is com¬ 
pressed at constant temperature, the pressure 
m atmospheres is given by P=V 1 /V ; w p ere y 
is the volume of gas at a pressure of one 
atmosphere and V is the observed volume. 
The manometer is best filled with hydrogen 
for which gas the departure from Boyle’s law 
can be represented by a simple expression, 
and P=1/{(V/V 1 ) - -00066} atmospheres. 

Hie correction for temperature is somewhat 
difficult and should be eliminated by immers¬ 
ing the apparatus in a bath at constant tem¬ 
perature. The height of the column of mercury 
varies with the pressure and must be added 
to the pressure obtained above. 

This gauge is not capable of very accurate 
observations over a large range since the 
scale length is limited, but the gauge is fairly 
compact, and if proper care is taken in the 
measurement of the volumes, in filling with 
pure and dry gas, and in keeping the tem¬ 
perature constant, it is a reliable primary 
gauge. 

§ (7) Loaded Piston Pressure Gauges.— 
In these gauges a piston of known area is 
loaded with a measured weight from which 
the pressure acting upon unit area of the 
piston can be calculated; For this purpose 
it is necessary to construct a cylinder and 
closely fitting piston, free from friction and 
leakage. The load is sometimes stationary 
and applied by a lever to the top of the piston, 
a pivot or ball being used to reduce the 
friction when the piston is rotated. The 
rotation of the piston is necessary in order 
to reduce the friction. The friction is further 
reduced if the load is allowed to revolve with 
the piston, which eliminates the frictional 
loss behind the point of the piston This 
friction does not directly influence the pressure 
measurement but increases the power required 
to maintain the rotation of the piston. In 
order to obtain accurate measurements, it is 
advisable to have no rotating force beyond 
the inertia of the piston and load while 
making observations. The pressure is pro¬ 
portional to the load and inversely propor¬ 
tional to the area of the piston, so that for 
high pressures the load must be very large 
or else the area must be very small. If the 
area of the piston is small it may not be strong 
enough to support the load, but on the other 
hand, if the load is large the instrument 
becomes unwieldy and slow in operation. 

This difficulty has led to the construction of 
differential pistons in which the pressure is 
applied between two pistons of slightly different 
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area, and in one ease at least the gauge has 
been constructed with the weight hanging on 
the piston, thus putting it in tension instead 
of compression. This arrangement gives two 
leakage areas instead of one, which is a 
disadvantage. 

Several types of this gauge are shown in 
Fig. 9. (a) shows the simplest form in which 
the piston is in compression, and must be made 








stiff enough to withstand the load. A is the 
cylinder, 1> the piston, and C the load, and it 
is clear that the piston and load can be rotated 
without any difficulty. ( b ) is a similar gauge 
loaded by means of a lever E. A bah bearing 
should be interposed between the pivot and 
he piston so that the latter can be freely 
rotated. This form generally requires that the 
piston lie mechanically rotated continuously, 
winch slightly reduces the sensitivity, (c) 
shows a similar gauge loaded with a spring 
and has some disadvantages in that the 
spring must be accurately calibrated and, unless 
its motion is greatly magnified, gives a very I 
short scale. It also requires a much longer 
piston than the other patterns, and this long 
piston must be of uniform area, (d) shows a 
differential piston in which the pressure is 
applied to the piston T 1 working in cylinder 
f 1 trailsn iitt«d to piston B 2 in cylinder 
the pressure , 011 "’inch may be measured 
by a mercury column or other means. This 
gauge has two leakage surfaces, and the two 
pistons must be perfectly in line. Some 
complication is needed to obtain the desired 

"aum° n ° f t 1 he , piS | 0nS ‘ ^ shows a differential 
* ^> uch , tj * e piston is turned to two 


the two parts of the piston and of I,lie cylinder 
truly axial, it has two leakage Kiirfueew-, and 
requires extreme accui'acy in flit’s measure* 
merit of the piston diameters to keep f lu* 
difference reasonably accurate. (/) is nit 
inverted form of (e), which luiu been used 
with somo success for pivsBimw up to II tout* 
per square inch, but since the pistons cannot 
be rotated, a small oscillation of lews limn 
120 ° being possible, the gauge is not at all 
sensitive. 

Of all those typos (a) is the best, being f lic 
easiest to construct and suitable for f lic highest 
pressures if care is taken in manufacture. If. 
is also an extremely sensitive gauge, and in 
ordinary work will measure pressures mine 
quickly than a mercury manometer and with 
equal accuracy. It is not possible to make 
this gauge very sensitive for pressures below 
4 atmospheres, however, and for pressures up 
to this a mercury manometer is better. 

The type of gauge to bo described in that 
which has proved most accurate and sensitive, 
and is in use for measuring pressures from 
30 lbs. to 24,000 lbs. per sq. in. it ennsisfe 
of a plain ground piston of hardened steel, 
fitting a lapped hole in a stool cylinder. The 
motion of the piston for the small sizes is 
restricted to in. in order to reduce the length, 
since the intensity of stress is very high under 
h *gk pressure. The pistons vary in size from 
0-2 sq. in. for measuring pressures up to 
1200 lbs. sq. in. (80 atoms.) to (Mil sip in. 


for pressures up to 24,000 lbs. sq. in. (1000 
a mos.) The largest one will measure press- 

r: s ^. !i0Ibs ' in * & «***»• *** 

10 shows the details of instrument, A 


diameters, B 1 and B 2 , so that the effective area i« fh' 10 , sJlC)WH tI)0 details of instrument. A 
“ * he d j5 e . renoe betn 'een the areas of the two W? °? prOVJclotl witL u button at the 
parts. This arrangement allows the piston To cvhnder 11 ^ pr0Vmt ik having the 

be put m tension instead of compression and i’ d a 1 8epai ' ato bead fixed to t he 

pj&XZJZJS hi 1 ™ 
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piHfcon is slotted on one side and carries a 
brass or aluminium tubular frame I) with a 
edge at the lower end. The head of the 
frame has a small pin E entering the slot in 
the spherical head of the piston, and thus 
ensuring that frame and piston rotate together, 
the load consists of annular weights of cast 
iron passing over the frame and resting on the 
iodgo. Openings are made in the upper part 
of the frame, so that the position of the piston 
can bo observed. 

Thoinstrument is very simple in construction, 
and the only difficulty in manufacture is the 
grinding of the piston and lapping out of the 
cylinder. The part of the piston working 
within the cylinder must be parallel, and it is 
advisable to have it of exact size, so that the 
area may he a simple fraction of an inch 
The weights are then carefully calibrated 
weights of standard values, and no correc¬ 
tion factors are needed. The smallest piston 
referred to above is • 11280 of an inch in 
diameter, and for all the working part of the 
piston this piston is circular and parallel, but 
it is not easy to make the piston to this 
accuracy, since the last figure is not measurable 
by any but measuring machines of the highest 
accuracy. Tho piston in question was one of 
two which were made together and gradually 
reduced to size by cautious lapping until the 
figure required was obtained. The second one, 
which was rejected, varied but little from 
• 1128b and would have boon accurate enough 
for any ordinary work, but not for a standard 
of pressure. Tho cylinder was lapped out until 
the piston could just slide in by pushing, but 
without driving. Tho cylinder cannot be 
measured directly, and would be assumed to 
be the same size as the piston, which fitted it 
thus tightly. An attempt was made to measure 
it by driving a very soft copper plug into it 
and then measuring the plug. The plug was 
found to measure •11280 of an inch, or the 
same measurement as the piston. The leakage 
from these pistons is found to be exceedingly 
small, and the friction is also very small. If 
the piston is rotated with, say, LOO lbs. upon 
it, it will continue in motion for some ten 
minutes, during which time the pressure 
remains constant. This has been examined 
by means of an ordinary pressure gauge, 
with a microscope adjusted to show any 
movement of tho hand. With a pressure of 
20,000 lbs. per sq. in. it was found that 
the hand of the gauge remained stationary 
while the piston was rotating, but sharply 
took a new and definite position on the 
addition of 0*01 lb. to tho load, equivalent 
to 1 lb. per sq. in. 

A gauge of this kind must work with oil, 
as tho lubricant for the piston, and if the oil 
is at all acid, corrosion of piston and cylinder 
will take place, thus altering their dimensions, 


The best oil has been found to be the tasteless 
castor oil sold for medicinal purposes. The 
oil must be freed from air, otherwise the 
sensitivity of the gauge is reduced very con¬ 
siderably^ and it is very difficult to get the 
minute oil bubbles out of the castor oil used 
In time, however, the air bubbles gradually 
leak out through the piston, and although the 
sensitivity may be small when the gauge is 
freshly filled, if a high pressure is kept on for 
a few hours and the piston kept rotating, the 
air bubbles will be removed and the sensitivity 
increased. J 

For use on pressure gauge testers which are 
mled with water a syphon arrangement must 
be used in order to keep the water away from 
the piston. ' p 

The effective area of the piston may be 
altered by the strain of the piston and cylinder 
under very high pressure. The piston is 
subject to constant compression axially, and 
to varying compression radially, while the 
cylinder is enlarged by the internal pressure 
varying from the full pressure at the bottom 
to zero at the top, and also to axial stresses 
varying according to the manner of fixing. 
The effective area of the small piston referred 
to above is calculated to be one part in 10,000 
more at 20,000 lbs. per sq. in. than at small 
pressures. 

Gauges of this type have been constructed 
by Mr. Bridgman of still smaller diameter and 
for measuring higher pressures. 1 The pistons 
of these gauges were very small and were not 
specially ground to fit, suitable pieces of bard 
steel wire being selected. To reduce the 
leakage, the fluid used was a mixture of 
molasses and oil. 

§ (8) Secondary Manometers. — These 
gauges must be calibrated by comparison with 
a primary gauge, since the properties upon 
which they depend cannot be determined 
with sufficient accuracy to enable their true 
calibration to be calculated. Most gauges of 
this type depend upon the elastic deformation 
of some metal part, and it is often possible to 
copy the dimensions adopted for a calibrated 
gauge in order, to reproduce similar gauges 
having the same calibration. 

The types of gauge described later for 
determining the maximum pressure to which 
they have been subjected are generally cali¬ 
brated by comparison with a primary gauge 
or a calibrated secondary gauge, although 
those depending upon the reduction in volume 
of a confined volume of air are capable of 
construction as primary standards. The 
difficulty of determining the volumes and the 
deformation of the envelopes makes it a more 
practical matter to obtain the calibration by 
comparison with another type of gauge. The 
methods of measurement mentioned in this 
1 Am, Acad, Proc„ 1909-10, xliv. 8. 
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chapter are those chiefly used, but there are 
many other properties of materials which 
might be utilised for the purpose under special 
circumstances. 

§ (9) Elastic Gauges. — The majority of 
pressure gauges used belong to this type and 
depend upon the elastic properties of some 
metal part. In all cases it is most important 
that the elastic limit of the material is not 
approached, since this will lead to a continual 
change in the zero of the gauge. They all 
show a certain “ hysteresis ” effect in that the 
calibration as the pressure increases does not 
agree with the calibration as the pressure 
decreases. This effect is small if the maximum 
stress in the material is small. A small stress 
necessarily entails a small strain and con¬ 
sequently the actual motion produced has to 
be magnified by mechanical or other means 
in order to obtain a readable scale. The 
.mechanism employed for the magnification 
of the motion introduces errors in the readings 
due to friction and general slackness of the 
parts. The errors arising from this cause are 
often greater than errors produced by imper¬ 
fections in the elasticity of the deformed 
member. For special purposes it is always 
possible to obtain a more accurate gauge by 
dispensing with the mechanism and using an 
optical lever system. The great advantages of 
elastic gauges, however, are their compactness, 
portability, and general handiness, all of 
which are lost when the optical system is 
introduced. 

, § ( 10 ) Schaefer Diaphragm Gauge.— The 
manometer is the 
Schaffer diaphragm 
gauge {Fig. II). 
The diaphragm A is 
subjected to press¬ 
ure on its lower side 
and the motion of 
the diaphragm com¬ 
municated to the 
rod B which carries 
a rack at its upper 
end gearing with the 
pinion 0. This 
pinion is fixed to 
wheel D which gears 
with the small wheel 
E attached to wheel 
E which in turn 
, , , , gears with the small 

wheel to which the index hand is attached. 
This somewhat complicated gear is necessary 
owing to the small motion of the diaphragm 
permissible, and the great advantage of the 
Bourdon tube gauge to be described later is 
the more simple mechanism required. This 
gauge, however, is still occasionally used on 
traction engines and machinery subject to 
nbration, since the natural period of vibration 


simplest form of this 



of the diaphragm is much less than that of a 
Bourdon tube suitable for the same pressure. 
,Eor laboratory work this type of gauge has 
some advantages in that it can be constructed 
in any ordinary workshop, and by the sub¬ 
stitution of an optical lover for the gearing 
and index an open scale of pressure can be 
obtained. 


§ (11) Bourdon Tube Gauge. —The most 
common form is the Bourdon tube gauge, 
which is used universally for measuring large 
or small pressures. In this gauge the pressure 
is applied to the inside of a tube of bronze or 
steel, generally oval 


m section and bent 
into the arc of a 
circle. The effect of 
the internal pressure 
is to increase the 
radius of curvature 
of the tube, and one 
end being fixed to 
the case, the motion 
of the' other end is 
utilised to operate 
an index hand by 
means of a rack and 
pinion. The limit of 
elastic deformation 



must not be approached, otherwise the tube 
will take a gradual permanent set and the 
gauge readings will increase. The gauge is 
shown in Fig. 12, where B is the tube fixed 
to the case at A. The free end of the tubo 
is connected to a quadrant rack D by a link C. 
The rack D gears with a pinion E, on the 
shaft of which the index hand is fixed. A 
small restraint is added in the form of a hair¬ 
spring E. 

. ^ ^ le tu ^o is made very stiff, the magnifica¬ 
tion must be largo, and unavoidable slackness 
m the pin joints will produce uncertainty in 
the reading. In order to reduce the magnifica¬ 
tion makers generally allow the tube to deform 
more than is advisable, and most gauges are 
much more constant if worked to about 75 
per cent of their designed load. A gauge of 
the cheapest type, calibrated to 75 per cent 
of its .ntended maximum, has been found to 
give exact repetitions of its reading for several 
years. The scale division of this gauge, how¬ 
ever was smaller than that of a standard gauge 
for the same pressure. ' 

The Bourdon tube gauge is the most con¬ 
venient pressure indicator for a largo scope 
of work, because the gauge quickly records 
any change of pressure, which can bo read 
off directly on the dial. These gauges can 
e purchased for any range of pressure, such 
as vacuum up to zero, vacuum and pressure 
from 0 to 10 lbs., and any range of pressure 
rom zero to 5 lbs. per sq. in., or zero up to 
- tons per sq. in. The usual sizes made have 
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(» and 10" dials, but smaller and larger dials 
c.an also be obtained. The mechanism is not 
always increased in size for the larger gauges, 
tlm dials being enlarged and the index hand 
increased in length and breadth simply to 
enable them to be read from a considerable 
distance. 

(i.) The dials of gauges of this kind must be 
carefully chosen. The index hand should 
move as close as possible to the dial, but must 
not touch it at any point of its motion. Con¬ 
siderable parallax errors can be obtained if 
the index hand is a small distance from the 
dial, and practice is required before an observer 
instinctively places his eye in the true position 
to avoid this. The index hand itself is made 
of considerable width for ordinary gauges for 
engineering purposes because it is more import¬ 
ant that it should be easily seen than that 
the pressure should be observed with great 
accuracy. Tor laboratory work it is convenient 
to roduoo the width of the pointer almost to a 
[mint and, generally speaking, the dial is better 
mai kod in dots than in lines. A very general 
fault' is for the index hand to overlap the 
divisions, which ronders accurate reading im¬ 
possible. When greater accuracy is required, 
the pointer should bo flattened to a knife edge, 
turned edgewise and a mirror let into the dial 
behind the flattened part of the hand. This 
enables very accurate observations to be made, 
and eliminates the error duo to parallax. This 
typo of dial can be obtained to special 
order. 

Examples of the dials referred to are shown 
in Fig, 13, where (a) is the usual form of pointer, 

N 



which is shown overlapping the divisions—a 
very common fault; (b) shows the fine point 
with the scale marked in dots, the best 
method of marking; and (c) shows the re¬ 
flector scale type, which is recommended for 
special work. 


(n.) Overhauling a Gauge ,—If a new gauge is 
obtained, it may be found that its motion is 
irregular, the pointer setting at different places 
each time it is tapped. An examination of the 
mechanism may show that small particles of 
metal dust have been left in the case and have 
fallen between the pinion and the rack, and a 
thorough cleaning with a camePs-hair brush 
loaded with petrol may put the gause right. 
If the fault still remains it may be that the 
rack and pinion do not mesh sufficiently 
closely m gear, a point which can sometime's 
be rectified. Or it may be found that the 
pinion shaft is not circular, which must be 
put right before the gauge will be satisfactory, 
t should be noted that the mechanism is 
somewhat delicate, and the index hand 
should only be removed by means of a 
special little drawing tool, as shown in 
Fig. 14. The jaws A press on the back 
of _ the boss of the hand, and the screw' 
point B presses against the spindle. A turn 
of the screw will then remove 
the hand without bending the 
pivot. To replace the hand it 
must be pushed straight on in 
the correct position and then 
tightened by a tap with a 
very light instrument-maker’s 
hammer; it is not possible to 
put the hand on loosely and 
then twist it into place without risk of damage 
to the mechanism. 

If an old gauge is suddenly found to behave 
erratically, it will generally be found that the 
tube is punctured, although the hole may be 
so small as not to be found easily. In such a 
case the gauge must be returned to the makers 
for a new tube to be fitted. 



Tra. 14. 


(iii.) Correction for Temperature .—If a pressure 
gauge is required to indicate small differences 
of pressure, it can be calibrated at different 
temperatures and the readings corrected 
accordingly. It is necessary to choose a 
gauge of good quality which repeats its read¬ 
ings nearly exactly whether the pressure is 
rising or falling, and to have the knife-edge 
index with mirror shown in Fig. 13 (c). The 
curve of corrections at any constant tempera¬ 
ture cannot be represented as a mathematical 
function of the pressure, since such corrections 
are largely due to small errors in marking the 
scale of the dial. It has been found, however, 
that the alteration to the correction at any 
particular pressure due to change of tempera¬ 
ture is a simple function of the temperature 
and pressure. As an example a 10", 250-lb. 
gauge was calibrated at 65° F. as a standard 
temperature and its curve of corrections ob¬ 
tained. It was then calibrated at several 
temperatures between 50° and 100° F., and the 
change in correction Ac at temperature 0° F. 
was found to be Ac=--00018 P (0-65), 
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where P is the pressure in lbs. per sq. in. The 
following table shows the actual corrections at 
'three temperatures: 


Table oi? Corrections 


Temp. 

Pressure - lbs. per sq. in. 

“1?. 

50. 

100. 

150. 

200. 

250. 

60 

-0-38 

+0-04 

+0-25 

+0-31 

-f 0*16 

65 

-0-51 

-0-23 

-0-15 

-0-23 

-0-52 

90 

-0-73 

-0-68 

-0-82 

-M3 

-1-04 


In practice it is often found that a pressure 
gauge is fixed a few inches from the hot boiler, 
and although a water syphon is always fitted 
to prevent the heating of the Bourdon tube by 
steam, the temperature of the whole gauge will 
often exceed 90° F. There will then be 1 lb. 
per sq. in. difference in the correction of such 
a gauge at 250 lbs. per sq. in. if the gauge had 
been calibrated at the ordinary temperature 
of a laboratory. The error thus caused is ap¬ 
preciable in efficiency tests, although its effect 
is not very large. 

Bourdon tube gauges are always liable to 
change of zero, especially if they are subject 
to slight vibration such as occurs while they 
are carried about. When the zero can be 
observed any change in this will apply to all 
the corrections at other parts of the scale. 
If, as is generally the case, a peg is provided 
to arrest the index hand just above the zero 
point, the calibration will be doubtful after 
the gauge has been despatched by train or 
carrier. It is better to have the zero free 
by removing the peg and to place a piece 
of cork between the end of the tube and 
the case as a temporary stop during trans¬ 
port. 

§ (12) Spurge High-pressure Manometer. 
—The scale length of a Bourdon tube gauge is 
limited, being about 13 inches on a 6-inch dial 
and 22 inches on a 10-inch dial. The value of 
one-inch motion of the index becomes very 
great when the maximum pressure registered 
by the gauge increases. It is often desirable 
to read high pressures with much greater 
accuracy, or, in other words, to provide a 
much more open scale. This can be done by 
substituting a vessel in the shape of a tube or 
a sphere for the Bourdon tube, and measuring 
the cubical expansion or compression of the 
vessel. The measurement of the expansion 
can bo best made by observing the displace¬ 
ment of a liquid either from the inside or the 
outside of the tube. Fig. 15 shows a mano¬ 
meter of this type constructed by Mr. Jas. 
Spurge. It consists of an outer cylinder A 
filled with water and a smaller cylinder B 
which communicates with the outside of the 
apparatus by a capillary tube C connected to 


the pressure supply. The cylinder A is filled 
with water, and on the pressure in chamber B 
increasing, some of the water in A is forced 
into the measuring vessel D. Tire vessel D 
is provided with a fiducial mark E, at which 
level the water is kept by operating a dis¬ 
placement piston F by means of a micrometer 
screw G. The amount of water flowing from 
A is thus measured by tho rotation given to 
the micrometer head G. The water in A 
being at all times open to tho atmosphere is 
not compressed, arrd as 
apparatus remains at one 
temperature the ratio of 
the displaced volume to 
the total volume remains 
constant, except for tho 
small error produced by 
temperature expansion of 
the metal cylinder. An 
additional plunger II is 
provided for adjusting tho 
zero so that the micro¬ 
meter head reads zero at 
zero pressure. Tho vessel 
B is subjected to axial 
and longitudinal com¬ 
pression so that tho 
volume of water displaced 
is not exactly a linear 
function of the pressure. 

Tho calibration of gauges 
made from one quality of steel is, however, 
very constant. The gauge is very sensitive 
and can be made to road a pressure of 300 
atmospheres to one part in 2000. The sensi¬ 
tivity depends upon the ratio of the area of 
the displacement piston to tho volume of 
liquid in A and upon the use of a small tube 
for the fiducial mark E. 

§ (13) Electrical Resistance Mano¬ 
meters. —These manometers depend upon tho 
change in the electrical resistance of a metal 
when subjected to pressure. The metals used 
for this purpose are mercury, platinum, and 
manganin. The first must bo contained in a 
capillary tube of non-conducting material, such 
as glass, and tho solid metals are used in the 
form of wires. In the case of mercury tho 
elasticity of the glass-containing tube affects 
the resistance of the mercury, tiro compression 
of tho boro altering the length of the thread of 
mercury. Such a gauge must, for this reason, 
be calibrated by comparison with a primary 
manometer. Manganin wire is not very 
constant, its variation in resistance depending 
upon its previous history. 1 This must also 
be calibrated against a standard gauge. It is 
possible that a pure platinum wire may be 
sufficiently constant in its resistance variation 
to enable such a gauge to be used as a primary 
standard for very high pressures. 

1 Amer. Acad. Proc,, 1911, xlvii. 


long as tho whole 
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M. A. Lafay gives the resistance variation 
as follows : 1 

Mercury: 

—- 32-7 x 1 ()-«« +IT x 10-y, 

>’o 

whore p is in kg./cm. a . 

Platinum: 

- ■ r °= - 1-86 x iO-«p. 
r 0 1 

Manganin: 

• —°=+2-23xl0-««, 
r Q 

where p is in atmospheres, r a is the resistance 
at atmospheric pressure, and r the resistance 
at any other pressure. The positive sign for 
manganin is a peculiarity of this material. 

Mr. Bridgman finds that a gauge of this 
hind ropoatB itself extremely well for increas¬ 
ing and decreasing pressures, as is shown by 
the following table: 2 

Table 


Pressure in 
Kgm./Cm.". 

Slider Displacement (Cm.). 

Increasing, 

Decreasing. 

917 

4-89 

4-89 

2018 

10-17 

10-19 

3719 

17-75 

17-74 

5348 

25-70 

25-05 

0452 

27-45 

27-43 


All that is necessary for the construction 
of this gauge is a vessel sufficiently strong to 
hold the pressure, filled with a non-conducting 
fluid and provided with insulated pressure 
tight terminals for taking the leads to the 
resistance - measuring apparatus. Provision 
must also bo made for keeping the apparatus 
at constant tomporature. The resistance wire 
or glass tube containing the mercury is 
attached to the inside ends of the insulated 
terminals and suspended in the fluid to which 
the pressure is applied. The ehnngo of re¬ 
sistance is not very groat, so that a sensitive 
resistance bridge is required for measuring 
the change with accuracy. 

§ (.14) Cuiihijkh (iAimioH.—-When a single 
high - pressure measurement is required, a 
crusher gauge of the kind devised for the deter¬ 
mination of the pressure obtained in the breech 
chamber of a gun can bo used. The measure¬ 
ment depends upon the permanent compression 
of a small cylinder of copper. A number of 
those copper cylinders must he made from 
one sample of material, and a few of thorn 
chosen at random compressed at known loads 
in a testing machine. A curve can then ho 
drawn showing the compression of the cylinder 
for any load. 

1 (UmpteH midus, 1000, cxllx. 500. 

* Amr. Acad, Proc., 1000-10, xllv. 8. 


Fit;. 16 shows tho form of the gauge. A is 
a steel cylinder in which slides a piston B, 
tile upper end of which is subjected to the 
pressure to bo measured. Leakage is pre¬ 
vented by a cup-shaped disc of soft copper G. 
The cylinder A screws into tlio body D in 
which the cylinder of copper 
E is placed. Tho cylinder E 
is kept in a central position 
by means of a light spring, 
not shown, which does not 
prevent the radial deforma¬ 
tion of tho cylinder. After the 
test the cylinder is removed, 
its compression measured, 
and the pressure read off 
from the chart. The actual 
load on tho copper depends 
upon the diameter of the piston, and as tho 
whole apparatus is self-contained, no ex¬ 
ternal connections aro needed, and it can 
therefore be used for the highest pressures 
attainable. 

§ (15) Sounding Apparatus.—Two forms 
of recording pressure gauges are in common 
use for determining the depth of water under a 
ship. One of these is a compressed-air gauge 
and consists of a metal vessel with a small 
opening for the admission of water provided 
with a non-return valve. This opening must 
bo kept at tho bottom of tho apparatus as it 
sinks in the water. The vessel is initially full 
of air, but as the pressure of the water increases 
some passes the non-return valve, compressing 
the air inside until equilibrium is reached. 
When the vessel is hauled back to the ship 
tho non-return valve prevents tho escape of 
tho water, and the volume of tho water found 
in the gauge is a measure of tho maximum 
pressure reached. This water is measured in 
a calibrated vossol, or by means of a divided 
scale dropped in the vessel, and tho depth of 
water road off. Tho true depth varies with 
the amount of salt in tho water and a correc¬ 
tion must bo made when tho apparatus is 
used in river mouths or land-loelced wators. 
After emptying, tho sounding apparatus is 
ready for use again. Tho depth recorded is 
independent of tho direction of tho heaving 
lino, but tho inlet must remain in a downward 
position otherwise air will escape as tho water 
enters and a false reading will be obtained. 

Tho second form of sounding apparatus of 
this kind consists of a narrow glass tube closed 
at one end and coated on tho inside with a 
chemical which will bo coloured by the action 
of sea water. This is dropped in a suitable 
sinker with tho open end of the tube downwards 
when tho water enters the tube, compressing 
the air contained therein a certain distance 
depending upon tho pressure. Chemical action 
then takes place, and when the tube is hauled 
hack a measure of the coloured portion of 
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the bore on a special scale will give the 
maximum pressure reached. These tubes are 
as a rule used only onee, since the cleaning off 
of the coating and refilling is a difficult matter. 
The tubes are, however, very cheap to make 
and a large stock of them can be carried in a 
small space. The original length of the tube 
must be made exact, otherwise the scale will 
be incorrect. 

§ (16) Sounding Tube by M. Berget. 1 — 
In this apparatus the compression of water 
instead of air is utilised. It consists of a 
large reservoir filled with water and closed 
by a capillary tube silvered on the inside 
surface, which contains a thread of mercury 
and is open to the outside. As the gauge 
descends the water is compressed and the 
thread of mercury moves along the capillary, 
dissolving the silver lining and thus giving a 
permanent record of the maximum depth 
obtained. The sensitivity can be increased by 
enlarging the reservoir and providing a smaller 
capillary. The temperature of the reservoir 
must be known and can be determined by a 
recording thermometer affixed to the apparatus. 

§ (17) Measurement oe Cycles of vary¬ 
ing Pressure. —For observations of a con¬ 
tinual change of pressure the elastic gauge in 
some form is generally used. Eor slow changes 
a continuous photograph of a mercury column 
can be taken upon a clockwork drum covered 
with sensitive paper, but such an arrangement 
can only be used to record very slow changes. 
For such work it is better to use an ordinary 
gauge, in which the index hand is replaced by a 
marking-point moving upon a paper disc or 
drum, rotated by clockwork. This apparatus 
can be readily obtained from pressure-gauge 
makers. 

When the changes of pressure are more 
rapid, such as those occurring in the cylinder 
of a steam or gas engine, a different method 
is necessary. 

§ (18) Steam-engine Indicators. —The 
ordinary steam-engine indicator consists of a 
small cylinder, containing a freely moving 
piston, the motion of which is restrained by a 
calibrated spring. A rod is attached to the 
piston, and the end of this, either directly 
or through a magnifying motion, records the 
pressure upon a paper drum. The drum can 
be driven by clockwork but is generally given 
a reciprocating motion from the crosshead of 
the engine, so that the pressure is recorded 
with reference to the position of the piston, 
and the area obtained is a measure of the 
work done. 

The choice of the size of the piston and the 
amount of motion allowed to the spring 
depends upon the speed of the engine. The 
inertia of the piston is more with a large 
piston, and with the larger motion, but the 
1 Comptes rendus, 1914, clviii. 1465. 


accuracy with which the record can Ixi 
measured is proportional to its height. 

(i .) Richards Indicator. — For slow speed 
steam engines this indicator {Fig. 17) ia 



perfectly satisfactory. It consists of a cylinder 
A in which the piston B, restrained by a spring 
C, moves. The motion is transmitted through 
a simple Watt parallel motion to tlio point O, 
which records on the drum E. The marking- 
point may bo of gun-metal, when special 
metallic paper must bo used upon the drum, 
or a hard lead pencil marking upon ordinary 
paper can be used. 

(ii.) Crosby Indicator. — As the speeds of 
engines increased, error, duo to inertia of the 



Fia. 18. 


parts, increased, and other indicators, of 
which the Crosby is a typo, wans introduced. 
In these the motion of the piston is reduced 
and greater magnification is provided by 
specially designed link motion. ' The Crosby 
indicator is shown in Fig. 18, in which tho 
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parts are similar to those of the Richards 
indicator, except in the link motion, which 
gives a magnification of G to 1 instead of 2 to 1. 

When high steam pressures and super¬ 
heated steam came into use, the position of 
the spring undor the cylinder rendered it 
liable to change, owing to the temperature 
which it attained. This became of greater 
importance still when the uso of tho explosion 
engine became general. Several indicators 
have been devised in which the spring is 
placed outside the hot cylinder. 

(iii.) Doblne-McIm.es Indicator .—This ex¬ 
ample of an external spring indicator is 
shown in Fig. 11). Tho spring is outside the 
cover of tho cylinder, which prevents it from 
being overheated, and the spring diameter is 
not limited by tho diameter of the piston. 
It is possible to use very stiff springs and 



very high pressures can bo recorded. These 
indicators are satisfactory for speeds up to 
about 400 or 500 cycles por minute. For 
higher speeds a smaller piston, only one 
quarter of a square inch in area, is used, 
and tho height of tho diagram is reduced to 
1.1 inch. For small explosion engines tho 
piston is reduced in area still more and tho 
height of diagram limited to 1 inch. These 
small indicators can bo used with fair success 
upon petrol engines running at 1000 or 1200 
cycles per minute; but for this speed tho 
optical indicator is a bettor instrument, al¬ 
though more cumbrous. 

Tho faults of records obtained from indi¬ 
cators of this type at high speeds are duo to 
two causes: the first is the inaccuracy of tho 
height or pressure ordinate of the diagram, 
duo to tho inertia of tho piston and link motion 
of tho indicator; and the second is tho 
inaccurate positions of tho pressure ordinates 
duo to the inertia of tho drum and driving 
mechanism, and the stretch of tho cord duo 


to these inertia forces. In steam - engine 
diagrams, whore the variation of pressure is 
not great during a working stroke, the error 
produced is not very serious, but in tho ease 
of an explosion engine, in which tho record 
is asymmetrical, tho high-pressure peak being 
at ono end of the diagram, the errors produced 
are very large. These records are generally 
used to calculate the mean oiloctivo pressure 
on the piston, i.e. the moan difference between 
tho pressures on tho forward and the return 
strokes. To obtain this, tho area of the 
diagram is divided by tho actual length of 
tho base lino of tho recorded curve, and not 
the length which is givon at slow speeds, 
when inertia forces and stretch of cord are 
nearly absent. Thus the errors are, to a 
certain oxtont, eliminated. If, however, the 
record is used for determining the exact 
position of valve settings and such observa¬ 
tions, the errors produced may bo very groat. 

The motion to the drum may bo derived 
directly from the crosshcacl of the engine by 
means of a simple lever system or a differential 
drum, or it may be derived from a small copy 
of the crank and slider mechanism, driven 
from the engine shaft by a chain, or other 
means free from slip. In any case it is 
necessary that tho circumferential motion 
given to the indicator drum shall be an exact 
copy of the motion of the piston, and in 
phase with this motion. 

The piston of the indicator must bo lubri¬ 
cated with oil, and this oil is soon removed 
when wet steam or hot gases are presont. 
For this reason it is best to romovo the piston 
and link motion when the indicator is not 
in use, and replace them cleaned and oiled 
when a record is desired. This also prevents 
the spring from becoming overheated, and thus 
preserves its accuracy. After use it is most 
important that tho whole indicator be thor¬ 
oughly cleaned and oiled and put away in its 
proper box. The very faulty diagrams so 
often obtained on engine tests are largely due 
to neglect of these precautions. 

§ (19) Ofitoal Indicators.— 'For high-speed 
engine tests, and for recording explosion press¬ 
ures, optical indicators arc tho only instru¬ 
ments which can bo used with success. 1 In 
these indicators the motion of tho piston is 
reduced to a minimum, or a diaphragm is 
used and tho magnifying gear is replaced by 
a beam of light, friction and inertia being 
eliminated in this part of tho mechanism. 
The instruments consist of a spring-loaded 
piston or a diaphragm (which requires no 
additional spring) subjected to the pressure, 
and tho motion of which is transmitted to a 
very light pivoted mirror. A ray of light 
is projected upon this mirror and its reflec¬ 
tion thus strikes out a straight line, tho length 
1 Keu “ Cathode Itay Manometer." 
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of which is proportional to the pressure. In 
order to obtain a diagram, motion must ho 
given to this reflected ray in a direction at 
right angles, such motion being a copy of the 
motion of the engine piston. This may bo 
done by rotating the frame containing the 
pressure mirror, or by deflecting tho light ray 
by means of an independent mirror. The 
second motion of the light ray may be avoided 
by moving the ground-glass screen or photo- 





Tiu. 20. 

graphic film upon which the light spot is 
received. This, however, introduces inertia 
forces which can easily bo avoided by tho 
above methods. For records of explosions in¬ 
closed cylinders the diagram is required upon 
a time base, and tho second reflection is then 
unnecessary, a revolving drum, holding the 
sensitive paper, alone being required. These 
records usually cover a very short interval 
of time and clockwork is unsuitable. Tho 
drum is then driven by an electric motor at 
approximately constant speed and an inde¬ 
pendent time record made by a ray of light 


reflected from a mirror attached to a tuning- 
fork. Another method is to arrange a tuning- 
fork so that the light from the diaphragm 
mirror is occult,ed at each vibration of the 
fork, and a dotted lino thus obtained on the 
recorded diagram. In Fvj, 20 (a), (/<), (>■), 
and (d) are nix mu. four different types of 
these optical indicators, (a), due to Professor 
Hopkinson, shows a piston instrument in 
which the piston 1? is restrained by a straight 
bar spring S. The 
mirror is pivoted be¬ 
tween spring supports 
L and the second 
motion obtained by 
oscillating the whole 
frame I 1 ’ by means of 
a convenient, system of 
levers attached to the 
engine erosshead. (/j) 
shews the instrument 
used by Professor Wat¬ 
son, in which a corru¬ 
gated diaphragm 1) is 
used and kept cool by 
a water-jacket, ,1, The 
mirror M in supported 
on three pivots, two of 
which are fixed and the 
third receives motion 
from the diaphragm. 
The mirror K gives the 
second deflection to the 
light ray, being oscil¬ 
lated by a crank and 
connecting-rod median, 
ism (! in which the 
ratio of the connecting, 
rod length to the crank 
radius is made similar 
to that of the engine 
upon which it is mud. 
Tho crank is rotated by 
means of a chain from 
the engine shaft, and an 
adjustment is provided 
for securing correct 
phase position relatively 
to the engine piston, 
(c) is the (-'arpeHtier. 
Hospitaller indicator, made by Messrs, Van 
Radon <fc Co. of Coventry. In this indicator 
tho flat diaphragm X) is commuted to the press 
tiro source by a small tulm of some length, 
in order to keep tho diaphragm cool, Tim 
mirror M is supported upon three pivots, one 
of which is fixed, one receives motion from 
tho diaphragm, and tho third receive* motion 
from a crank mechanism which copies the 
motion of tho engine. Tho two motions are 
thus oommunioatod to tho single mirror. 
The copying motion is driven from tho engine 
by a flexible shaft to wheel J, the phase position 
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boing adjusted by fclio knurled head H and 
the ratio of connecting-rod to crank being 
adjusted to agree with that of the engine! 
{d) allows the indicator used by Professor 
Petavol for explosions in closed cylinders, in 
which a piston D with extremely restricted 
motion is used and the spring consists of a 
thin tube S. In this case time records were 
required, so that but one moving mirror M 
was required. 

These four illustrations show the chief 
mothods of construction of optical indicators 
for different purposes. The essential points 
to bo observed in the design of such instru¬ 
ments aro the cooling of the diaphragm and 
the lightness of the moving parts, together 
with their rigidity. However light the parts 
aro made, they will not follow an extremely 
abrupt change of pressure such as is obtained 
on detonation of an explosive charge, and 
unless groat care is taken the mirror mechan¬ 
ism will be damaged under these circumstances, 
i-lie rigidity of the pivot supports of the 
mirror can bo made satisfactorily by a skilful 
mechanic, but a fault which often occurs is 
caused by the straining of the mirror under 
the shock of explosion. The mirror is gener¬ 
ally of glass, fixed in a steel frame,, but it 
would appear to bo possible to shape the 
steel holder to the curvature required and 
coat it with silver, thus avoiding the attach¬ 
ment of glass to metal. 

With spring-loaded pistons it is possible 
to make the springs to dimension after trial, 
so that the scale of pressure can be made an 
exact number of units per unit of motion, but 
with diaphragms the soale must be determined 
by trial under static pressure. The actual 
scale on the diaphragm can bo altered by 
altering the length of the liglxt-path, but this 
is not, in general, convenient, since in most 
oases it requires alteration in the curvature 
of the mirror, and always requires altera¬ 
tion in the light-tight enclosure. For this 
cause it is generally moro convenient to 
make a special scale for measuring up the 
diagrams. 

One other type of optical indicator may be 
mentioned, namely, that used by J. Kimer 1 
for recording the pressure in a gun - barrel 
during the explosion of the charge. The 
ordinary typo of optical indicator requires 
some modification to enable it to record with 
accuracy the rate of rise of pressure under 
these circumstances. The gauge referred to 
has two glass lenses of great strength, which 
are pressed together by the pressure to be 
measured. The pressure is indicated by an 
interference method, the spreading of the 
Newton rings being observed. An arc lamp 
was used for producing the ray of light and 
a photographic record taken of the shift of 
1 ,1. Kirnor, Zoitsehrift Ver. Deuts. Ing., 1909, liii. 41. 


the Newton rings as the explosion took place. 
The inertia °f this indicator is practically 
negligible but considerable complication is 
introduced both in obtaining the record and 
m interpreting it. 

§ (20) Micromanometees. —The gauges to lie 
described are designed for the measurement 
o very small differences of pressure when 
both pressures are nearly atmospheric. A 
distinct class of gauge for measuring very small 
absolute pressures, called vacuumometers, is 
discussed elsewhere. For the latter purpose 
many other physical properties of attenuated 
gases are available, but for measurements in 
the neighbourhood of the atmospheric press¬ 
ure two means only are available — liquid 
columns and diaphragm manometers. In 
both cases the principle of construction lies 
m the magnification of the very small dif¬ 
ference in the level of the liquid surfaces or 
of the minute motion of the diaphragm. In 
the case of liquid columns it is important to 
arrange that the temperature of both columns 
is identical, since the difference to be measured 
may be comparable with the difference pro¬ 
duced by temperature even in a short column 
of liquid. 

§ (21) Diaphragm Gauge and Optical 
Lever. —This apparatus is shown in Fig. 21. 



Tig. 21. 


A very thin corrugated diaphragm is fixed 
above the pressure space. The motion 
of the diaphragm is communicated to a 
mirror mounted on three pins forming an 
optical lever. The reflected ray of light can 
be received on a screen at a distance. The 
sensitivity depends upon the distance between 
the fixed and moving supports of the mirror, 
which may be reduced to about £ mm. if 
necessary, and the distance of the scale. The 
greater the distance of the scale the more 
powerful must be the light. It is possible 
to measure a deflection of the diaphragm of 
about -02 p.. The gauge must be calibrated 
at its highest readings by comparison with a 
liquid column and the pressures will be pro¬ 
portional to the deflection. 

If differences of pressure are required the 
whole apparatus must be enclosed in a cover, 
light rays passing through a glass window, 
as shown dotted in Fig. 21, the space 
enclosed being connected to one source of 
pressure. This gauge is easily disturbed by 
external vibration and can only be used when 
such disturbances are absent. 
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§ (22) Diaphragm Gauge of Scheel and 
Heuse. 1 —-This gauge is somewhat similar to 
the last, hut has a light copper diaphragm, and 
the deflection is measured by the Fizeau inter¬ 
ference method instead of by the optical 
lever. The gauge is thus more compact and 
not so sensitive to external vibration. Differ¬ 
ences of pressure of the order of OT mm. of 
mercury can be measured to 0-00001 mm. and a 
change of pressure of 0-001 mm. corresponds to 
four interference bands of yellow helium light. 

§ (23) Collodion Diaphragm Gauge. 2 —M. 
Lafay has constructed a very sensitive dia¬ 
phragm of silvered collodion in which the 
Fizeau interference method is utilised to 
indicate when the diaphragm is in its normal 
position. The deformed diaphragm is brought 
back to its initial position by means of an 
electrostatic charge, the quantity of which is 
measured and the pressure determined there¬ 
from. This has the advantage that the actual 
pressure measurement is simpler than the ■ 
counting of the interference bands, the light 
system being used simply to indicate the 
null position. 

§ (24) Liquid Columns. — The simplest 
method of magnifying the difference, in height 
is to make one of the tubes at a small angle 
to the horizontal instead of vertical. If the 
position of the meniscus is measured along the 
tube the height h~l sin a where a is the angle 
to the horizontal and l the motion along the 
tube. If a is made 5°, the magnification is 12 
times. ' A disadvantage of this method is that 
the smaller the slope, the greater difficulty is 
experienced in determining the position of 


§ (26) Micrometer Water-gauge. This 
gauge, shown in Fig. 23, is constructed of two 
water-vessels A and B connected by a sina 
tube C. The level of water is measured by 
micrometer heads I), the residing being taken 
when the point attached to the . micromotor 
screw just touches the sui'faco of the watoi. 
As the point is brought down very slowly to 
the water surface, the latter will suddenly 
appear to jump up to meet the point and will 
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adhere to the point. If this contact is always 
observed it is possible to road to -025 mm. on 
each head corresponding to -06 mm. difference 
in head. This corresponds to 0-00-t mm, of 
mercury. The water surface and the points 
must be kept clean, and the points must bo 
withdrawn from the surface before each read¬ 
ing. The apparatus must be firmly fixed, since 
vibrations on the surface of the liquid will 
prevent accurate observations of the position, 
of contact. 

§ (27) Ciiattock Gauge. — Fig. 24 shows this 
gauge, which is simple to construct and only 


the liquid in the tube, and in any case a 
small tube must be used. 

§ (25) Roberts Compensated Mano¬ 
meter. 3 —This gauge, shown in Fig. 22, 
consists of two tubes A and B connected 
by a capillary G, the whole being filled 
with liquid except for a bubble of air D 
left in the horizontal tube G. A very 
small change in head in either A or B 
thus causes a large motion of the bubble 
in C, and the tubes A and 
A B g being close together 

M M they can be maintained at 



the same temperature. If A and B are 10 mm. 
in diameter and C is \ mm. bore, the magnifi¬ 
cation is 400 to 1, a reading of 0-001 mm. 
being easily made. 

1 Dentsch, Phys. Gesell. Verh,, 1909, xi. 1. 

2 Cotnpf.es rendus , 1909, cxlix. 1115. 

3 Proc. Royal Society, 1906, A, lxxviii. 


requires reasonable oaro in operation to gives 
very reliable observations of small differences 
of pressure. The gauge is constructed in 
glass, A and B being two wator-vossols attached 
to the pressure sources. Those vessels com¬ 
municate with a central vessel 0, one to the 
body of the vessel and the other to an internal 
tube D. The central vessel 0 is filled with 
any moderatoly transparent liquid lighter 
than, and non-mixablo with, water. The 
whole gauge is mounted upon an upper frame 
F, which in turn is supported at ono end from 
a stand G and carried at the other end by 
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an adjustable screwed support with a micro¬ 
meter head H. The excess of pressure in 
vessel B will force a bubble of water up the 
tube D into the oil surrounding its end A 
lamp is fixed at the back of the gauge to illu¬ 
minate this bubble, and a microscope with an 
objective of about 25 mm. focus is employed 
to observe the bubble. The light is then 
adjusted until a bright lino either golden or 
red in colour is observed in the microscope, 
and this hue is brought into coincidence with 
the fiducial fine in the eyepiece of the micro¬ 
scope by tilting the gauge by the micrometer 
head H. When the gauge is properly filled 
with clean liquids this bright line will be found 
to be quite definite in position for any posi¬ 
tion of the gauge. The line is adjusted for 
equal pressures in the two tubes, and when 
pressure is applied is brought back to position 
by tilting the gauge. The micrometer readings 
are thus proportional to the pressure differ¬ 
ences in the water vessels. A common size 
is to make l the distance between the micro¬ 
meter and support 25 cm., L the distance 
between the tubes = 35 om. With 1 mm. 
pitch of screw and 100 divisions on the micro¬ 
meter head one unit x •01 = , 014 mm. of 
water, and readings can be made to one-tenth 
of a division, corresponding to about -0001 mm. 
of mercury. The ground joints at the top of 
the water vessels are required so that the 
gauge can bo properly cleaned, and these and 
all valves must be kept well greased to prevent 
leakage. If a sudden rise of pressure takes 
place tiie bubble of water may become de¬ 
tached and fall to the bottom of vessel C, 
thus altering the adjustment of the gauge. A 
tap E is provided so that the gauge can bo 
sHut off if this seems likely to occur. It is 
well to' provide two branch taps in the 
pressure pipes, which can be opened to the 
atmosphere in order to check the zero with¬ 
out disconnecting the gauge from the test 
apparatus. 

The sensitivity of the gauge depends upon 
the definition of the bright line seen in the 
microscope, and this depends chiefly upon 
the liquid used. Otherwise the sensitivity 
could be increased by bringing tho vessels A 
and B together, thus making tho ratio Z/L 
large. The sharpness of definition of tho 
bright line depends chiefly upon tho two 
liquids employed. The best result is' obtained 
by the use of salt water and pure castor oil. 
The salt is used in order to prevent a fungus* 
liko growth which occurs at the surface of 
pure water in contact with the oil. Tho 
readings of the gauge must be corrected for 
the density of tho water used, the salt being 
added until the density is about M)7. With 
this solution the gauge will remain in working 
order for many months. The use of the 
microscope is somewhat tiring during pro- 

vol. i 


longed scries of observations, and it can be 
replaced by a projection lens which throws 
an imago of tho bubble on a ground-glass 
screen. If the surrounding light is dim the 
position of the bright line can bo adjusted 
accurately and with less strain to the eye. 

Tho range of pressure measurable by these 
gauges may bo increased by increasing the 
distance between the water vessels A and B. 
The now piece of glass work can be attached 
to the standard frame, avoiding tho cost of 
the more expensive part of the apparatus. 
If a still greater range of pressure is to be 
measured, tho glass part can be filled with 
mercury instead of water. It is evident that 
the larger tho rango of pressure available tho 
smaller tho sensitivity of tho gauge. It is, 
howevor, a great convenience to be able to 
altor tho range without great expense, and 
this renders tho gauge particularly suitable 
for general laboratory work. 

§ (28) Conclusion. — Tho manometers in 
common use are of three kinds—the liquid 
column, the loaded piston, and the elastic 
gauge. Gauges of eaoh of these kinds have 
been briefly described. The range of pressure 
measured by tho different types may be given 
hero: 


Liquid Columns: 

Open column . 

Multiple and com¬ 
pound columns . 

Closed column . 

Loaded Piston. 

Elastic flanges s 

Bourdon tube . 

Diaphragm gauges 
and optical indi¬ 
cators . 

Spurge manometer . 


0 to 50 atmospheres. 

0 to 200 „ 

up to 3000 „ 

3 t o 0000 

0 to 1800 


0 to 100 
0 to 500 


The sensitivity of tho different micromano- 
moters is as follows : 


Metal diaphragm . . 1X 10~ 2 mm. of mercury. 

Very thin metal dia¬ 
phragm . . . .lx 10 -B „ „ 

Collodion diaphragm . 1X10 -4 „ ,, 

Inclined liquid column . 1 x 10~ 3 „ „ 

Roberts’ mioromanometor 1 x 10~ 4 „ „ 

Micromotor water gauge . 1 x I0~ 2 „ „ 

Chattook gauge . .lx 1()“' 1 „ „ 

When an absolute pressure of very small 
amount is to ho measured other and quite 
novol methods of measurement can bo adopted. 
Those generally depend upon the molecular 
motions of gases and are only available when 
by rarefaction tho molecular path is compara¬ 
tively largo. Examples of these are the re¬ 
pulsion of two plates suspended in a rarefied 
gas, the measurement of the electric current 
flowing to a collector, or tho radiation from 
a hot wire. Manometers of this kind will 
measure pressures of the order 10~ 6 mm. of 
mercury, but tho methods are not available 

2 T 
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when the absolute pressure is much greater 
than 10 -3 mm. of mercury. Such gauges will 
be found described in another portion of this 
Dictionary. c. j, 


Pressure-coefficient of Expansion of a 
Gas, Experimental Determination of, 
with constant volume. Seo “ Thermal 
Expansion,” § (16). 

Pressure-coefficients of Various Tiiermo- 
metrio Gases, tabulated. See “ Tem¬ 
perature, Realisation of Absolute Scale of,” 
§ (18), Table 2. 

Pressure Corrections, to be applied to 
the readings of a thermometer to allow 
for the effect of changes of pressure either 
inside the thermometer or exterior to 
it. See “ Thermometry,” § (3) (b) and (c). 

Pressure - difference between the two 
Surfaces of a Soap Film, 


r + 


ft 


i3 ~ 2T VR~ r R 1 . 

T being the tension, and R and R x the 
principal radii of curvature of the film. 
Pressure Distribution for Streamline 
Flow. See “ Ship Resistance and Propul¬ 
sion,” § (20). 

Pressure Engines (Hydraulic). See 
“ Hydraulics,” § (54). 

Pressure of a Gas, due to Molecular 
Impacts on the Containing Walls. See 
Thermodynamics,” § (66). 

Pressure of Radiation : the pressure which, 
by the second law of thermodynamics, 
radiation must exert. From the electro¬ 
magnetic theory. Maxwell showed that this 
pressure, for isotropic radiation, is numeric¬ 
ally equal to one-third of the total energy 
of radiation of all frequencies in unit 
volume. See “ Radiation Theory,” 8 (5) (i ) 
Pressure Turbines (Hydraulic). See 
Hydraulics,” § (52). 

Pressures, maximum and mean in internal 
combustion engines. See “Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (48). 

Prqny Brake. See “ Dynamometers,” g (2) 

Propeller Dynamometer for testing Air- 
screws. See “ Dynamometers,” 88 (7) (q) 
Propellers, Air and Water. See “ Ship 
Resistance and Propulsion,” § (40) et seo. 

Charts. See Thermodynamics,” 8 ( 42 ) 

~7sL s ^: *• “ <*» 

Pulleys. See “ Mechanical Powers ” 8 (21 

Pumps ME ? R See “ ^^lics,” (41), 

Pumps. See Hydraulics," Part II 
Pyrometer : 

B ™ dhlg oi > wllen the Focussing 
Distance is increased, tabulated. See 


“Pyromotry, Total Hadiutinn,” § (|f) 
(hi.), Table IV. 

Extension of Seale of, above* Muu c. See 
"Pyromotry, Optical,” g (’A). 
lory’s^ Mirror. Seo “ Pyrotnotry, Tot ill 
Radiation,” g (7). 

Fory “ Spiral.”' See i/nd. § (H). 

Fory’s Telescope, See ibid. § {(i). 

Foster Fixed-focus. See ibid. § (Id). 

Optical, Calibration of, by comparison with 
a standard instrument.' See *' I'yininefrv. 
Optical,” g (9). 

Optical; Disappearing Filament Typo; a 
type of pyrometer depending on the 
matching of the brightnoMH of a lamp 
filament against that of the hot obfeet. 
See ibid, g (3). 

Polarising Type of. See ibid, § (6). 
Radiation, Calibration of* Set* " I’yroutet rv> 
Total Radiation,” g (16). 

Radiation, Sources of Error in Practical 
Forms of. See ibid, g (hi). 

Recording : used in manufacturing processes 
where it is necessary to keep a eontiuuouH 
record of the temperature of the furnace. 
See 1 Thermocouples,” g (1 < 1 ), 

Recording Deflection : instruments for t he 
measurement and eontiimotiH record of 
temperature, the instruments being of 
tlie millivoltmeter typo and the record 
icing made by periodically depressing a 
pointer into contact with a chart. See 
ibid- g (17). 

Recording Resistance, used in industrial 
work to give a continuous record of the 
temperature of a furnace or kiln. See 
Resistance Thermometers/’ § (2d). 
Spectroscopic Eyepiece of: n red lilt,er 
glass for producing approximately mono, 
chromatic radiation. Sec “ l’vrnmetrv 
r i Optical,” g (14), ‘ 

thermoelectric; the most generally used 
of all appliances for the measurement of 
ingu temperatures, and now developed 
into an instrument of proemum. See 
r J-thermocouples,” g (| ), 

Ihcrmooloctrio: Gobi .Junction Correction 
r i for, See ibid. § (19), 

Tliwing Radiation. See “ Pymmetry, Total 
Radiation,” § ( 11 ). 

Total Radiation, compared with tins Optieal 
ri Type. See ibid, g (15). 1 

Total Radiation: instruments bused on the 
RmHh-j.owor law, for the measurement 
7 fempomturoH, and really specially 
designed thormopiles. See ibid. 8 (b). * 

Gao of a .Radiation, with a Source of l». 

sufficient Size, See ibid , § (IB). 

Use of . Rotating Sector'd, reduce the 
intensity by a definite amount. See 
‘Pyrometry, Optical," g (lb). 

“ I ’» rora ^ 
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PYROMETRY, OPTICAL 

The measurement of high temperatures by 
means of optical pyrometers is based on the 
well-known fact that the intensity of the light 
omitted by a hot object increases as its tem¬ 
perature is raised. 

The mathematical relationship between the 
intensity of the light of any particular wave¬ 
length and the temperature can be deduced 
from theoretical considerations for a surface 
which is a “ full radiator,” 1 and the fact that 
the radiation issuing from a uniformly heated 
furnace approximates closely to “ full radia¬ 
tion ” has greatly simplified optical pyrometry. 

§ (1) Theory of Heat Radiation. —Boltz¬ 
mann a in 1884 deduced the relationship between 
tho total radiation from a black body and its 
temperature, according to which the total 
radiation varies as T*. This is generally 
known as the Stefan-Boltzmann or the fourth- 
power law. 

In 1896 Wien further developed the theory 
of radiation. His first deduction is known as 
Wien’s displacement law: 

Xm — bT" 1 or E m = /cT 5 

where A,„ is tho wave-length of maximum 
energy, E w is the maximum energy ordinate, 
and T the absolute temperature. 

For the distribution of the energy among 
the various wave-lengths in the spectrum Wien 
deduced tho expression 

E A = cX-»/(XT), 

in which /(AT) could not be determined by 
purely thermodynamical reasoning. E\ is the 
energy omitted of wave-length A. 

By making certain arbitrary assumptions 
concerning the radiation emitted by vibrating 
gaseous molecules, ho succeeded in resolving 
the function of AT, and obtained the rela¬ 
tionship c 

E a = CjA- B e""AT 

for tho distribution of energy among the various 
wave-lengths in the spectrum. 

Experimental work, which will he referred 
to later, showed that the above expression 
only represented tho facts for a limited range 
of A and T. Since that time various attempts, 
based on plausible assumptions, have been 

1 In radiation pyrometry generally tlio term “ full 
radiator ” or " black body ” denotes one that will 
absorb all the radiation that it receives—that is to 
Hay, it will neither reflect nor transmit any of the 
incident radiation. There is no known substance 
that linn strictly this property, the nearest approach 
being probably untreated carbon. Klrchhoif demon¬ 
strated that a hollow cavity with walls at a uniform 
temperature possesses the properties of a “ black 
body.” If a small opening is made in the wall of 
tho uniformly heatol cavity, tho radiation issuing 
from the hole will obey the laws of black body 
radiation. „ „ , 

a Bee “ itndiation Theory," § 5, Vol. IV. 


made to discover the correct expression, but 
without success. 

The one formula which does represent the 
experimental data closely under all conditions 
is-that of Planck: 


The subject has aroused considerable interest 
during recent years, and reference must be 
made to the literature of the subject for fuller 
information. 3 

It will be observed that for small values of 
A and T the term is large compared 

with unity nd Planck’s equation approxi¬ 
mates to that of Wien; the concordance is 
sufficiently close for wave-lengths in the visible 
spectrum to permit of the use of the simple form 
of Wien’s equation for the range of temperature 
covered in practical optical pyrometry. 

§ (2) Experimental Study of the Dis¬ 
tribution of Energy in the Spectrum of 
a “ Eull Radiator ” at various Tempera¬ 
tures. —In 1899 Lummer and Pringsheim, who 
had already proved by experiment the validity 
of the Stefan-Boltzmann or fourth-power law, 
published a further contribution to the sub¬ 
ject. Their experiments on this occasion were 
directed to the determination of the distribution 
of energy in the spectrum of a “ full radiator.” 
At first they employed the various types of 
uniformly heated enclosures, which they had 
constructed for their experiments to test the 
Stefan-Boltzmann law. Later they introduced 
many practical improvements in the apparatus, 
and, by basing their method of measuring 
temperature on the fourth-power law, they 
were able to continue their experiments to 
very high temperatures. This procedure also 
led to a great simplification in the form of 
their “ full radiator,” which could then be 
reduced to an electrically heated carbon tube. 


=-*—Nitrogen 

1 Carbon Tube | 


[U 


a 


1 

HP_M_Hi 

f 


I 

| - 

1 

Fig. 1. 


(i.) Description of the Experimental Arrange¬ 
ments .—The carbon tube furnace construction 
is shown in Fig. 1. 

The tube was of uniform wall thickness (1-2 
millimetre), 34 cm. long, and I cm. internal 

3 See list at end of article. 
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diameter. The ends were inserted into heavy 
carbon blocks, copper-plated and fixed into 
metallic clamps. 

A stream of nitrogen was passed into the 
cap at the mouth of the furnace to diminish 
oxidation. 

The plug P (in the centre of the tube) and 
the left half of the furnace was equivalent to 
a “ black body ” in respect of radiation. 

The spectrum was produced by a fluor-spar 
prism, and corrections applied to convert the 
prismatic to normal energy curves by means 
of the known dispersion curve of fluor-spar. 

The distribution of energy was measured 
by means of a linear bolometer, which was 
enclosed in an air-tight case to diminish the 
absorption effects of carbon dioxide and water 
vapour. The bolometer consisted of a single 
strip of platinum foil 0-6 mm. wide. The dis¬ 
tribution of energy in the spectrum for vari¬ 
ous temperatures between 700° and 1600° 0. 
was obtained. From these curves the values 
of X m and the energy corresponding to E m 
could be read. The experimental results were 
in agreement with the two laws : 

X m T = constant, 

E,„T _5 =another constant. 

Wien’s distribution formula, 

_£a, 

E A = Cl \~ 5 s >T, 

was found to hold for values of XT less than 
3000 (i degrees. _ Since the longest wave-length 
used in optical 'pyrometry is less than 0-7 /x, 
the equation is valid for the entire range of 
temperature that has to be measured in 
practical work. 

(ii.) Variation with Temperature of the 
“ Maximum Energy Ordinate E m ."—To verify 
the relationship 

E« = KF 

Lummer and Pringsheim employed a Lummer- 
Brodhun spectro-photometer, and worked with 
different parts of the luminous spectrum from 
red to violet. Owing to the rapid increase in 
the intensity of the luminous radiation with 
temperature, it was necessary to employ a 
number of absorption plates; at the highest 
temperature the intensity was reduced to P o¬ 
part to bring it within measurable limits. 


.Temperature by 4th-Power 
Law (Various Distances), 0 0. 

Temperature 

byB # i=M 6 , o 0. 

2345 

2325 

2348 

2327 

2339 



They were able to obtain an accuracy of 
about +20° 0. with the total radiation pyro¬ 
meter, and the calculated temperatures were 
in agreement within these limits of accuracy. 

The relationship X m T=constant was also 


checked and the value 2030 obtained for the 
constant of a “full radiator. When'(he 
radiation from polished platinum .was studied 
the constant wan found to be 2020. lienee 
it is possible to estimate roughly the tempera¬ 
ture of any object whoso radial ion in inter¬ 
mediate in character between that from a. 
perfectly black body and polished platinum 
by determining X, H by means of a bolometer 
and a dispersion apparatus. 

This has been done for a number of radiators 
by Lummer and Pringsheim. The maximum 
value of T is given by 2930/X. m and the mini¬ 
mum by 2(>20/X„,. 


Hot Object. 

Am. 

O' 

^ Max., ^ 



ft. 

nbs. 

abs. 

Aro light . 

0-7 

•121)0 

3750 

Xernsfc lamp . 

1*2 

2450 

2200 

Welshaoh mantle . 

1 -2 

2450 

2200 

Incandescont lamp. 

14 

2100 

1875 

Candle 

,1-5 

10(10 

1750 

Argand humor 

L55 

1000 

1700 


(iii.) Comparison of Wim'a Law and Etefau- 
Boltzmann's Law to2800° 0 .. The work of Lum¬ 

mer and Pringsheim and their contemporaries 
was carried out before the researches of I l olborn 
and Valentiner, of Jaequorod and, Perot, and 
of Day and Seaman had established the high 
temperature scale in terms of the gas thermo¬ 
meter, consequently it is difficult to form any 
precise estimates of the limits of accuracy to 
which the radiation laws may be regarded 
as proven at high temperatures. Recently 
Mendenhall and Forsythe have made a 
comparison up to 2800" 0. between two 
pyrometers, one based on “ fourth-power ” 
law and the other on Wien’s law. Tim 
pyrometers were calibrated by observations 
of the melting-points of gold and palladium, 
the values for which, on the scale of the 
nitrogen gas thermometer, had been deler- 
l mined by Day and Bosnian. 

! (iv.) The Optical 'Pyrometer. - .This, ns used 

: by Mendenhall and Forsythe, was of t ho 
disappearing filament typo described in § (3). 
The principle of the instrument is that of a 
telescope. An imago of the hot object is 
: suporposed on the filament of a small electric 
lamp. Matching is effected by making tlm 
' apparent brightness of the image' identical 
with that of the filament by varying the 
, current through, the latter. 

Since Wien’s law is applicable to mono* 
" chromatic radiation and not to the entire visible 

1 There is no tlioorotteal basin fur the application 
of the law to the radiation from platinum, and 
subsequent investigations have shown that A»„T Is 
not a constant for polished metallic surfaces. but 
increases with temperature. The constant value 
obtained, by Lummer and Frlngsluvlm Is due possibly 
to the small range of temperature employed, or to 
lack of polish on the radiating surface. 
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spectrum, it is necessary to isolate as narrow 
a spectral range as possible. Generally this 
is effected by the use of a piece of good red 
glass; in the present case, however, they 
employed a spectroscopic eyepiece. The 
latter has the theoretical advantage of giving 
a narrower band and consequently a nearer 
approach to the ideal conditions contemplated 
by Wien’s law. The width of the band trans¬ 
mitted was determined and found to be 200 
A.U. (0-02 y) with a centre at \ = 0-658 y. 

The calibration of the instrument, i.e. the 
relationship between intensity of radiation and 
the current necessary to match it, was effected 
by the use of a system of rotating discs of 
measured aperture. 

Taking the logarithmic form of Wien’s law, 
log E^ = K X - . jjv 

If balance was obtained with clear aperture 
on a “ black body ” at temperature T x , and 
an apparent temperature T a was obtained 
through a sector of transmission ratio Ic, then 



so that, by a series of observations on a furnace 
maintained at a constant known temperature, 
it was possible, by employing a series of discs 
with various values of k, to calibrate the 
pyrometer over a range of temperature. The 
apertures of the discs were measured by moans 
of a dividing engine. Two steady temperatures 
were used as checks on the calibration. 

The minimum aperture employed was about 
“ This proved difficult to make accur¬ 

ately, and on measurement was found to 
be 2° V 50" instead of 2°. This error, how¬ 
ever, would only produce a divergence of 
5° 0. in the computed scale if the nominal 
value of 2° angle had been taken. 

(v.) The 'Total Radiation Pyrometer .—It will 
be observed from a study of Fig. 4, § (4)— 
article on “ Total Radiation Ryrometry ”— 
that the “ total radiation ” pyrometer was 
enclosed in the evacuated chamber containing 
the furnace, while the optical pyrometer 
observations were taken through a glass 
window. A small correction was necessary 
for the absorption of this window in the 
visible radiation. 

The results of the intercomparison are 
summarised below: 


No. of 

ComyurlHoua. 

Tump. "O. 

_,j, I'optlunl 

Total Itadiutlcm. 

Rnnge of 
Obwirvatlimx, 

9 

1750 

Less than 1- 0-5° 

2° 

7 

2200 

„ „ +2° 

4 

3 

2500 

About -1-2° 

4 

4 

2800 

„ +4° 

7 


The difference is systematic but not greater 
than the possible error of experiment. By an 
alteration in the assumed value of either 
c 2 or \ the systematic difference could be 
eliminated. For example, Mendenhall and 
Forsythe state that if, instead of 0-658 y, the 
value 0-657 y is taken the differences disappear. 

I. Practical Types oe Optical Pyrometers 

§ (3) The Disappearing Filament Type.— 
This type of pyrometer was introduced about 
twenty years ago by Morse in America, but 
the principle involved—the matching of the 
brightness of a lamp filament against that of 
the hot object—was in use as far back as 1888. 

In its earliest form the Morse Pyrometer 
consisted of a metal tube about 3 inches in 
diameter and 8 inches long, open at both ends, 
and provided on one side with a projection 
serving as a means for holding an incandescent 
lamp. 

At the centre of the tube w r as mounted the 



lamp, which was connected in series with a 
battery, rheostat, and milliammoter. 

The instrument is shown diagrammatioally 
in Fig. 2. 

In making a temperature measurement the 
operator holds the pyrometer in front of liis 
eye and, looking through, observes the lamp 
filament superposed on the furnace or hot 
object as background. Owing to the different 
distances of lamp and furnace from the ob¬ 
server it is necessary to vary the accommoda¬ 
tion of the eye when looking at one object and 
then the other. 

By adjustment of the rheostat the current 
in the lamp is varied progressively until the 
lamp filament and furnace appear equally 
bright. When the filament disappears against 
the furnace as background, the current 
through the filament is a measure of the 
temperature. 

liolborn and Kurlbaum modified the 
instrument by adding an objective and eye¬ 
piece. The objective projects an imago of 
the furnace upon the plane of the lamp 
filament,* and the fatigue of the eye duo to 
constantly varying the accommodation is 
avoided. 
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Theoretically, the image of any source 
observed through a particular telescope will 
not vary in brightness with a change in distance 
from the source (except, of course, differences 
due to air absorption, etc.), providing a certain 
solid angle is always filled with radiation from 
the source and this angle is of such size that 
the cone of rays entering the eye is constant. 
This angle is generally determined by having 
the eyepiece at a fixed distance from the pyro¬ 
meter lamp and having before the eyepiece a 
limiting diaphragm of such size that it is 
always filled with light from the objective 
lens. It is also necessary to have a fixed 
diaphragm between the objective lens and 
the pyrometer lamp (see Fig. 3). 

In all modem instruments of this type a 
red filter glass 1 is fixed in the eyepiece. 

This serves two purposes : 

(a) The matching of the intensities is 
facilitated, as practically monochromatic radia¬ 
tion is obtained, so there are no colour differ¬ 
ences at high temperatures. This is of 
particular value in dealing with surfaces 
which do not radiate light of the’ same com¬ 
position as that emitted by a black body, since 



A, hot object; B, objective lens; C, entrance cone 
diaphragm; D, pyrometer filament; E, eyepiece 
diaphragm; E, eyepiece; G, red glass. 

the intensity of radiation of any one colour 
from such surfaces increases progressively in 
a definite manner as the temperature-rises. 

(b) The scale of the instrument can be 
extrapolated on the basis of Wien’s law, em¬ 
ploying a rotating sector or absorption glass 
for cutting down the intensity of the source. 

In recent years Forsythe and his colla¬ 
borators at the Nela Research Laboratory 
have made a thorough study of this form of 
pyrometer, and shown how many of the errors 
in temperature measurements with the instru¬ 
ment may be avoided by attention to the 
details of the design. 

A modern form of disappearing filament 
optical pyrometer made by the Leeds & 
Northrup Co., which is largely used in the 
industries, is shown in Fig. 4. The tube is of 
aluminium and the instrument constructed as 
lightly as possible for convenience in using. 

Li the Standard Pyrometer of the National 
JL hysieai Laboratory, used for precision work 
two lamps are fitted, and they can be readily 
interchanged so that a check is obtained on the 
permanency of the calibration. The rotating 

1 A detailed discussion of the red filter class nnri 
absorptmu screens is given later, artlfey perform the 
same functions in all types of okcal pyrometers. 10 I 


sector is arranged just in front of the lumps, as 
the experiments of Mendenhall and homy 1 lie 
have proved that in this position the definition 
is practically independent of the position of 
the opening of the sector relative to film 
filament when crossing the field. Tho difliuulty 
only occurs when taking the temperoturo of 
small objects such as incandescent lamp 
filaments. 

Extension of the Scale above Lj.()tJ° G .—The 
range of temperature that can bo measured 
in the ordinary way by an optical pyrometer 
without some device for cutting down the 
intensity of the radiation from tho hot object 



Em. 4. 


is from 700° to 1400° 0. The comparison 
source cannot be run at much higher tem¬ 
peratures than 1400° (J. without rapid detoriom- 
tion. The scales are extended by tho use of 
absorption .devices or rotating sectors. Wi t h 
tho early form of disappearing filament pyro- 
meter, the absorbing device generally uset I 
consisted of two black glass mirrors melinod 
at an angle of 45°. In this arrangement tho 
beam of light from a hot object is rolled™ l 
twice at an angle of 45° incidence, and thereby 
weakened to about 1/200 of its original in'- 
tensity. 

To extend the scale of the pyrometer up to 
about 2700° 0., the usual practice at tho 
present day is to insert a piece of n eutral - 
tinted glass in the path of the beam from tins 
furnace or to employ rotating sectors of 
definite aperture. 
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A discussion of the methods of computing 
the transmission factor is given later. 

§ (4) Mickopyrometer. —Burgess has de¬ 
vised a valuable instrument of the disappearing 
filament type, which he terms a micropyrometer, 
for the determination of the melting-points of 
minute specimens of materials. 

The apparatus (Fig. 5) is somewhat similar 
to a Joly moldometer, with a microscope 
pyrometer, which is focussed on the specimen 
resting on a strip of platinum heated by a 
current. 

Within the Huyghons eyepiece of an 



ordinary microscope a small incandescent 
lamp is mounted. In series with the lamp 
there is an ammeter arid rheostat operated in 
precisely the same manner as in the ease of a 
disappearing filament type of optical pyro¬ 
meter. The eyepiece of the microscope is 
fitted with a piece of good red filter glass. 

For temperatures exceeding 1400° 0. an 
absorption glass is placed between the micro¬ 
scope objective and the furnace window. 

The tip of the filament of the lamp is set to 
the same brightness as the platinum strip 
viewed from above at the instant of melting 


of the metallic or other specimen on which 
the microscope is focussed. The eye of the 
observer sees the specimen, the platinum strip, 
and the lamp filament all irr focus at once. 

§ (5) Calibration. —The methods generally 
employed for the calibration of optical pyro¬ 
meters cannot be adopted for this particular 
form of disappearing filament pyrometer. The 
most convenient method is that originally used 
by Joly, which is to observe the lamp currents 
at the' known melting-points of two or more 
pure substances, such as gold, nickel, and 
palladium, and from the equation express¬ 
ing the relation between temperature and 
current (in lamp), the temperature of melting 
of any specimen may be computed. For 
moderate temperature intervals the equation 
log 0 = <i -|- b log T may be used, where 0 
is'the current, T is the absolute temperature, 
b a constant very nearly unity. 

The melting-points of nickel and palladium 
were taken for calibration purposes. 

The accuracy of the equation was checked 
by extrapolating to the melting-point of 
platinum, Which could be directly observed 
by matching the lamp and strip at the instant 
the latter burnt out. The value .1.755° (J. ±5 
was obtained from six observations. 

An atmosphere of pure hydrogen was main¬ 
tained in the enclosure, to prevent oxidation 


of the metal under test. 

For those metals for which the melting is 
sharp, such as nickel, cobalt, and iron, a 
precision of 1° to 2° was possible with only a 
fow thousandths of a milligram of material. 

§ (li) The Polarising Type of Optical 
Pyrometer.— Konig in 1894 described a new 
type of spectrophotometer. In this instrument 
the two beams of light were resolved into 
two spectra and comparison effected between 
beams of identical colour throughout the 
spectrum. In 1801 Wanner applied the 
essential principles of this instrument to the 
design of an optical pyrometer. In this case the 
radiation f rom the hot object is the one beam, 
while the light of constant intensity from an 
electric lamp supplies the comparison beam. 1 

(j.) Description of the Instrument. — The 
essential features of the instrument will be 
understood from Fig. 6. 

The radiation from the hot objoot is received 
through a small circular hole while the electric 
lamp illuminates the matt surface of a right- 
angled prism, which in turn directs the light 
on" to a second circular hole symmetrically 
disposed with the first about the optical axis 


of the system. 

1 The current through the lamp is maintained at 
a predetermined value by moans of a rheostat and 
ammeter. From time to time the intensity of the 
beam given by the electric lamp is matched against 
that from an amyl acetate lamp by adjustment of 
the current. This renders the scale of the pyro¬ 
meter independent of the permanency of the electric 
lamp. 
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A lens renders the two beams parallel, and 
a Roehon prism splits each beam up into 
components polarised at right angles. 

The function of the biprism lens is to pro¬ 
duce deviation in the beams of such amount 
that an image from each of the two sources is 



Fig. 6. —Diagram illustrating Wanner’s Modification 
of Konig’s Spectrophotometer. 


brought into juxtaposition. On consideration 
it will be seen that the biprism, splits each 
image up into two, thus bringing the total up 
to eight. 

These images are semicircular patches 
uniformly illuminated. The two in juxta¬ 
position are polarised at right angles, and are 
viewed through the eyepiece, the other 
images being screened out. 

The Nicol prism N can be rotated around 
the optical axis, its position being indicated 
by a pointer attached. 

To understand the precise functions of the 
various optical parts it is advisable to consider 
the effect of each individually. 

In Fig. 7 the contribution of each component 




FlG v7‘ir I) , iagram showing Junctions of various 
Optical Parts of the Spectrophotometer. 


The arrows ■ 




• and | indicate plane of polarisa¬ 
tion. Eight images are formed in all, of which six 
are stopped out. 


is shown. The circular holes are at the focus 
of the lens, so the images produced will be 
uniformly illuminated circular discs, i.e. of 
the face of the lens, which the biprism splits 
up into semicircles. 

To understand the function of the Nicol 


prism suppose for the moment that the two 
beams are of equal intensity, then, with the 
plane of polarisation of the Nicol prism i 
making an angle of 45" with the direction of 
polarisation of either beam, a uniformly 
illuminated circle would be observed having a 
diametrical line across whore the two Holds 
come into contact. 

• Rotation of tho Nicol prism in either 
direction will out down tho intensity of one 
of the beams and increase that of the other. 

Hence, if the beams are initially of unequal 
intensity, matching of tho intensities, as 
viewed through tho eyepiece, is possible fur a, 
certain position of the prism between tho 
extinction positions 0 ° ami 1 ) 0 °. 

(ii.) Theory of the Polar itintj Type, ofPyronuiv.r. 
—It is proved in textbooks of .Light that if I, 
and L are the intensities of two plane polarised 
beams of radiation matching at angles </> x and 
</>.,, a beam of constant intensity, such as that, 
from an electric lamp, when viewed through 
a Nicol prism, then : 

11 tail" 
i a tail 2 r/i 2 ’ 

In optical pyroinetry, by the insertion of a 
direct-vision prism or a piece of suitable red 
glass in tho path of the two beams it is possible 
to work with narrow spectral bands and con¬ 
sequently apply Wien’s law. 

According to this law the intensity of light 
of wave-length X omitted by a “ full radiator ” 
is given by the expression 


a AT* 


X fi 

Suppose I t is tho intensity of wave-length X 
at temperature T, ; L is the intensity of 
wave-length X at temperature T„. 

By Wien’s law 

r ( 't( I I \ 

L.caVL.T,/* 

J 2 

Hence , : ,a (t 3 '' T,) 

la tan "^2 

Taking logarithms to tho base e, 

2 (log tan i/q ~ log tan </>.,) - ^ ( 1 
" a \ I a 


so that the relation between </> and T is of the 
form 


log* tan c/n -r/ | r ^, 

Hence, if a series of values of 0 and T 
are obtained, when log tan 0 is plotted against 
riW ie I )oin * s should fall on a straight line, 
theoretically, a single determination of the 
angle 0 corresponding to a known temperature 
I, together with a knowledge of r; a and X, 
should suffice to give a complete calibration of 
the instrument. In practice, however, it is 
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Very difficult to obtain perfection in the 
optical parts and freedom from strain in the 
louses, and this affects the polarised beam. So 
iti is generally advisable to calibrate the 
instrument against a “ black body ” over the 
ontire range. 

Experience with commercial forms of the 
pyrometer indicates that the divergence from 
Elio theoretical line is greatest near the ex¬ 
tinction positions owing presumably to defects 
in the Nicol prisms and scattering of light. 

§ (7) Calibration of the Instruments 
Empirically. — The calibration of optical 
pyrometers can be readily effected by reference 
to a standardised thermocouple in an electric 
furnace arranged to give approximately full 
A'ixdiation by a aeries of diaphragms suitably 
cilisposed. 

Fig. 8 shows a furnace arranged for optioal 
pyrometer calibration up to 1370° C. 



The pyrometer is sighted upon the central 
diaphragm, which has the junction of a 
tliermojunction on its surface to give the 
Tem perature of the enclosure. 

For representing the relationship between 
current and temperature in the case of the 
disappearing filament typo of pyrometer a 
parabolic formula 

0=a + 6T + cT a 

is sufficiently accurate. Whilst for the polaris¬ 
ing type the formula 

log tan f/j=n + Fp 

should hold for the major portion of the scale if 
The optical parts are in correct adj ustment. 

§ (8) Standardisation by •Observation of 
Transition Points,-— It is possible to calibrate 
optical pyrometers by diroct observations of 
freezing-’ or melting-points, without the use 
of a thermocouple as intermediary. 

In the ease of materials which require a 
reducing atmosphere and do not react at high 
Temperatures with graphite, Kanolt employed 
The following method: 


The substance was contained in a graphite 
crucible with re-entrant tube carried from the 
lid, as shown in Fig. 9. 

The crucible was heated in a graphite spiral 
furnace and the pyrometer sighted on the 
bottom of the tube; this ensured that 
approximately black body conditions were 
obtained. 

On plotting the heating or cooling curves a 
well-delined halt was observed at the transition 
point. 

The following metals and salts were em¬ 
ployed : Antimony, 630° C. ; copper-silver 
eutectic, 779° 0. ; silver, 960-5° C. ; copper, 
1083° 0. ; diopside (melting), 1391° 0. Pro¬ 
longed heating of diopside in contact with 
graphite had no apparent effect on the value 
obtained for the melting-point. 

Attempts have been made by Hoffman and 
Meissner to employ a similar method in the 
case of the palladium freezing-point. 

A hard porcelain crucible 
and tube were used with an 
oxidising or neutral atmo¬ 
sphere around the metal. It 
was found that the molten 
palladium attacked the por¬ 
celain with the formation of 
a brownish substance. 

An additional difficulty 
was tho “ spitting ” of the 
fused metal, accompanied 
by considerable temperature 
fluctuations; this could not be prevented 
even by the passage of a stream of pure 
nitrogen into the metal. 

For the direct calibration of a pyrometer 
in terms of the melting-point of palladium the 
simplest procedure is to make the palladium 
wire a part of an electrical circuit and heat it 
up in a furnace under “ black body ” conditions. 

The melting-point can bo detected by the 
break of the circuit, and the temperature at 
this instant should be noted. 

The melting-point of platinum can also bo 
employed as a lixed point in the same way. 

§ (9) Calibration of Optical Pyrometers 
by Comparison with a Standard Instru¬ 
ment.— When an optical pyrometer 1ms been 
standardised by reference to high temperature 
melting-points and its scale calculated, it is 
not a difficult matter to calibrate other instru¬ 
ments by comparison. 

A carbon tube furnace is suitable for 
temperatures up to about 2500° 0, This 
typo of furnace is very simple in construction. 
The carbon tube is clamped in water-cooled 
electrodes and heated by a current of several 
hundred amperes. 

The incandescent tube is protected from 
oxidation by filling the furnace shell with 
finely divided lamp-black and the ends are 
closed by thin glass windows. A stream 



Fig. 9. — Graphite 
Crucible with Re¬ 
entrant Tulie sup¬ 
ported from the 
Lid. 
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of nitrogen is passed through the tube to clear 
away any smoke produced. 

When the furnace is at a steady temperature 
the pyrometers are sighted in turn upon a 
plug of carbon fixed about midway in the 
tube. 

If instruments of identical construction 
have to be compared it is not essential to 
have a “ black body,” and the plate of a 
tungsten arc lamp 1 constitutes a convenient 
hot object to sight upon. By arranging the 
ionising filament so that it can be heated inde¬ 
pendently of the current through the arc, it 
is possible to obtain a range of temperatures 
for the plate. 

§ (10) Relative Merits of the Disappear¬ 
ing Filament and Polarising Types of 
Optical Pyrometers. —The filament type is 
essentially a telescope, and consequently it is 
easy to select out the object whose temperature 
is desired ; the polarising type does not permit 
of a sharply defined image; in fact, the 
field should be a uniformly illuminated semi¬ 
circular patch. A blurred image of the hot 
object is, however, distinguishable by moving 
the eye about a little. 

With the polarising type it is necessary, 
when tailing the temperature of a metallic 
surface, to sight normally since the light given 
out at oblique incidence is largely polarised. 

The polarising 'type has the following 
ad vantages: 

1. Extrapolation of the scale on the basis 
of Wien’s or any other radiation law is readily 
effected, as the instrument is essentially a 
photometer. 

2. The temperature scale is independent 
of the permanency of the electric lamp, which 
is set from time to time against an amyl 
acetate lamp. 

It should be observed, however, that 
accuracy in this setting on the amyl acetate is 
of fundamental importance. 

§ (11) Wave-length oe the Radiation 

TRANSMITTED BY THE Red FILTER GLASS.— 

Over the range 700° to 1400° C., through which 
it is possible to calibrate an optical pyrometer 
against a thermo-element under “ black body” 
conditions, it is immaterial what the wave¬ 
length transmitted by the filter glass may be. 
But when it becomes necessary to extend the 
Scale to high temperatures, the use of a rotating 
sector or an absorption glass is necessary to 
cut down the intensity. The higher range is 
calculated on the basis of Wien’s law as 
follows: 

Calculation of the Constant of an Absorption Class 
or Boiating Sector .—It is assumed that the absorption 
glass or sector cuts down the intensity of the light 
from the hot object in the ratio of k to 1. If T x is 
the observed temperature without absorption glass, 

1 These lamps are manufactured by the Ediswan 
Co, for optical projection purposes. 


and T 2 the apparent temperature of the same object 
with absorption glass, then by Wien’s law 


E^cqX-A A 'L, 

C|j 

fe-c 1 \- b ( !"'aT 2> 

W,)’ 

where c 2 is a numerical constant 2 whoso valnc Lj 
14,350 micron degrees, and X is the wave-length; 
so that T x can be calculated from the observed T a if 
k and X are known from independent measurements. 8 

If the red filter glass was strictly monochromatic 
the wave-length transmitted X would ho a constant. 
Thus it would be the same for any energy distribution 
and temperature of source. 

As it is impossible in practice to obtain absolutely 
monochromatic filter glass, the question arises which 
particular wave-length in the spectral baud trans¬ 
mitted by the glass is to be employed in the calcula¬ 
tions ? 

In order to decide upon the appropriate wave¬ 
length it is necessary to consider the function of the 
filter glass. 

Now the quantities which are actually compared 
in pyrometry are the integral luminosities as observed 
through the filter glass, so it is obvious that the wave¬ 
length to bo employed in calculation (or the 
“ effective ” wave-length as it is termed) must be 
such that for any definite temperature interval the 
ratio of the radiation intensities for this wave-length 
according to Wien’s law shall equal the ratio of the 
integral luminosities as observed through tho glass. 

§ (12) Determination oe the “ Effective ” 
Wave-lengths eor various Temperature 
Ranges, —The following method for tho deter¬ 
mination of tho “ effective ” wavo-longth for 
the interval between two definite tempera¬ 
tures of a full radiator has boon described 
by Iiyde, Cady, and Forsythe. Other 
methods, depending on a knowledge of tho 
sensibility curve of tho eyo, have been de¬ 
scribed by the same authors, by Pirani, and 
by Foote, who gives a mathematical treat¬ 
ment of the question, 

(i.) Direct Determination .—The ratios of tho 
intensities of emission of the source for a 
number of wave-lengths are measured, and 
these ratios compared with the ratio of tho 
integral luminosities of tho radiation from tho 
source, when observed through the red glass 
under test. 

These measurements can he made in two 
ways : 

In one set of measurements tho ratios of tho 
intensities of radiation are measured with a 
spectrophotometer, and tho ratio of the 
integral luminosities with a Lummor-Brodlum 
photometer having the red glass over tho 

2 For a discussion of the value of this constant see 
“Radiation, Determination of laws of,” §§ (9), (11), 
( 12 ). 

“ This expression is also applicable for calculating 
the small absorption effect of a glass window closing 
a furnace. 
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eyepiece. In the other set the ratio of the | 
intensities are measured with a spectral 
photometer (Henning type), and the ratio of 
the integral luminosities with an optical 
pyrometer, either disappearing filament or 
polarising type, with the red glass over the 
eyepiece. 

(ii.) Indirect Determination .—The results ob¬ 
tained by calculation from the transmission 
curve of the red glass (from which the’integral 
luminosities are calculated on the basis of 
Wien’s law) and the sensibility curve for the 
eye are in close agreement with those obtained 
by direct experiment. 

The procedure for obtaining the values of X 
is laborious, and is resorted to only in the case 
of standard instruments for use at tempera¬ 
tures exceeding 1500° 0. 

Foote adopts tho indirect method, but develops 
the method of computation, so that tho effective 
wave-length for a definite temperature is obtained 
instead of over an interval of temporature. 

His method of calculation is as follows : 

Let the transmission coefficient of the glass, i.e. 
the ratio of energy transmitted to the incident energy, 
be denoted by 7c. Then /c=/(X), where /(X) is an 
unknown function to be determined experimentally. 
And let the visibility curve for the average eyo ho 
represented by 

V=F(X). 

It is not necessary to know the mathematical equa¬ 
tions for these as the graphic forms-of tho functions 
are quite convenient. 

Now according to Wien’s law the intensity at 
temperature T x is 

S.- 

E a , =c 1 X -B e XT,. 


c a / 1 _ 1 \ 
gXvJfg -I-' 1 / * 


E<r/U t. =L 1 /L g . Call this value of X, X m ■ By 
substituting in the above expressions wo have 


Since X may have any arbitrary value, it can bo 
chosen so as to give the ratio of E,j, to E,p a tho same 
value as the ratio of the integral luminosities seen 
■through tho filter glass. 

Let Lj =luminosity at temperature r I\, 
L 2 =luminosity at temperature T a . 

Then 

.'•CO ' r-co 

L,= fflcVdX — I E(X, TjWMVtXJdX, 


-(H) 

logo hi ~ logo L 2 


This is merely the mathematical form of the definition 
of effective wave-length proposed by Hyde, Cady, 
and Forsythe 

Instead, liowov r, of referring the effective wave¬ 
length to a given temporature interval Tj to T 2 it 
may be referred to a definite temperature by letting 
tho two temperatures approach one another. 

Assuming 1\ and L t constant and dropping the 
suffixes, lot T a and L 2 approach these values as their 
respective limits. Then 

x , t '(srs) 

X»j—limit log Tj a 

becomes, when numerator and denominator have 
been separately differentiated with respect to T, 


S-if E kVd\~ l 

dx d'XJa o 

sinco only E is a function of T. 

_ .5*. 

Again, E=c 1 X~ B e XT, 


/* dE 
- I LYdX , 


=CiX" B e XT 


Tpa 1" 

LX T* J* 


kVd\o t \ mS e XT 


, sinco E=c 1 X" B e XT ; 


E(X, T 2 )7c(X)V(X)(7X, 


E(X, T j)hVdk 

3 ‘ ’• 

E(X, TJfcWX 


L x and L 2 can be determined by graphical integra¬ 
tion. Let the ratio bo any definite number. It is 
possible to so choose X in the relation Ei^/E,^ that 


This is tho effective wave-length for a glass of trans¬ 
mission 7c=»/(X) for temperature T. 

To find X,n. therefore, it is necessary to pilot the 
transmission curve, k, for tho glass, the visibility 
ourve, V, for the eye, and the energy curve, E. of 
tho souroo. 

Tho product of corresponding ordinates would 
give a now curve, tho area of which is the numerator 
of the fraction representing X m . 

Similarly a curve obtained by dividing each ordinato 
of the previous ourve by its X would give a curve 
; tho area of which is the denominator of the fraction 
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A typical aeries of curves is show in Fig. 10. 

But Foote points out that instead of plotting X 
in terms of E/rV as ordinates, the ordinary luminosity 



curve, wo may plot VE/r/A as ordinates. Then the 
value of X„i is that value which corresponds to the 
centre of gravity of the curve with respect to the 
E kV/\ axis. 

Hence the true effective wave-length of a pyrometer 
glass is the wave-length corresponding to the centre 
of gravity of the curve r/>(A)=EV7c/A plotted in terms 
of X, that is, the luminosity at any wave-length 
divided by the wave-length and expressed in terms 
of the wave-length. 

The value of L can he determined for various 
values of T, and hence a curve found for X m as a 
function of T. 

In Fig. 11 is shown the results obtained for typical 
glasses employed for filter Bcreens. 

0*0000 
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tg 0*0540 
C 0*0520 
0*0500 
§ 0*0400 
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0*0400 
0*0440 
0*0420 
0*0400 

1000 2000 3000 4000 

Teniporatimi. Ojsg. Aba. 

FI0. 11. 

§ (13) Effect of Change of Temperature 
of the Filter Glass on its Transmission 
Coefficient. — Another factor which influ¬ 
ences the transmission coefficient of the red 
glass is its actual temperature. 

Some observations have been made by 
Forsythe on the transmission curves for a 
specimen of red glass when maintained at two 
different temperatures 20° and 80° C. The 
results are shown in Fig. 12. Curve A gives 


the transmission of the glass at 20°, while 
curve B is the corresponding one when its 
temperature is 80°. The transmission is shown 
to decrease with increasing temperature; the co¬ 
efficient of change being greatest in the shorter 
wave-length. The change is such as to make 
the transmission band appear to shift to longer 
wave-lengths as the temperature is increased. 

A test was made of the effect of tins tempera¬ 
ture shift of the transmission band on tem¬ 
perature measurements when the red glass 
was used as a filter screen before the eyepiece 
of a pyrometer. The temperature of a. carbon 
filament lamp operated at a temperature of 
about 1900° K 1 was measured with the red 



Fig. 12.—Spectral Transmission of a Single 
Thickness of Glass JM512, 

A at 20° C., If at 80° 0. 

glass temperature at 20° and 80° 0.» using a 
sector disc with a 2° opening, as this gives a 
larger effect than a sector disc of greater 
transmission. It was found that there was a 
decrease of about 5° 0. in the temperature 
obtained when the glass was heated to 80° 
over that obtained with a glass at room 
temperature. Hence it may bo inferred that 
for all ordinary room temperature changes the 
effect is negligible. 

§ (14) Spectroscopic Eyepiece. — Practi¬ 
cally all modem optical pyrometers have red 
filter glasses for producing approximate mono¬ 
chromatic radiation, and as shown above it 
is possible to obtain the effective wave-length 
of such a glass, which is equivalent for the 
purposes of calculation to the case of perfect 
monochromatism. 

The early forms of optical pyrometer of the 
polarising type bad direct vision prisms in 
place of filter glasses, but practical require¬ 
ments demanded that the slit opening should 
be so wide that the spectral band transmitted 
was no better than that transmitted by a 
filter glaBS. If, however, the conditions of 
the experiment are such that narrower slits 

1 The symbol 'K denotes the absolute thermo¬ 
dynamic scale of temperature. 
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are possible the system offers certain advan¬ 
tages. Mendenhall, in some of his work on 
the disappearing type of optical pyrometer, 
used a spectroscopic eyepiece. The fitment 
consists of a small auxiliary eyepiece, and a 
totally reflecting prism which slides in a side 
tube just beyond the lamp. The images of 
the comparison filament and of the hot surface 
are thrown in sharp focus across the middle 
of the spectroscope slit by means of an inter¬ 
mediate achromatic lens, the primary image 
of the hot surface having previously been 
brought into the plane of the comparison 
filament by focussing in the usual way. 

The eyepiece and ocular slit of variable 
width are movable with a micrometer screw, 
giving about 500 divisions for the visible 
spectrum, and it is easy to work with an 
ocular slit covering not more than 25 A.U. 
(=0-0025 p). The field then shows a central 
band due to the filament bordered by light 
from the hot object. 

A comparative series of tests on the same 
object under the same conditions, employing 
in the one case a spectroscopic eyepiece and in 
the other a piece of red Jena glass having a maxi¬ 
mum ordinate at X = 0-652 p, is given below. 
The distribution of light in the transmission 
spectrum of the red glass was determined by 
speotrophotometric observations: 


Temperature, 0 C. 

Reel Glass. 

Temperature, ° 0. 
Spectroscopic. Eyepiece. 

1063 

1062 

1858 

1861 

1900 

1990 

2000 

1995 

2370 

2380 


§ (15) Rotating Sector Method op re¬ 
ducing the Intensity by a Definite Amount. 
—Rotating sectors have been advocated by 
some observers for cutting down the intensity, 
since it is then possible to obtain the coefficient 
of transmission by actual measurement of the 
sector. 

(i.) The Sectors. — Mendenhall employed 
sectors 13-5 cm. in diameter. With discs of 
this diameter it was found possible to cut 
radial openings as small as 3°, giving a factor 
of 1/120. 

The absence of any error due to diffraction 
was proved by comparing the effect of ten 
equal and separate openings with that duo to 
a single opening of the same total area. 

The range of temperature available with 
various-sized sectors is illustrated by the follow¬ 
ing example: 

A pyrometer calibrated with full aperture 
had a scale covering the range up to 1549° 0. 
(melting-point of palladium): with a 1/G0 
sector the range was from 1755° to 2482° C. ; 


and with a 1/180 sector the scale was extended 
to include the melting-point of tungsten 
(3300° C. approx.). 

For the very small apertures it is advisable 
to use a large disc : Mendenhall, employed one 
of 27 cm. diameter with an opening of 1-7 mm. 
at its narrowest part, whilst sectors 35 cm. 
n diameter or bigger are desirable in precision 
work. 

The table below gives the transmission 
value of a number of sectors and the apparent 
temperatures T a , 

Temperature eonRiisvoxniNn to different Per- 

OENTAOKS OF THE Ra DIATION PROM A BlACIIC 

Body held at tiim Temperature of Melting 
Palladium (1828 Deg. K), using Red dr ,ass 
with an Effective Wave-length which 
varies as is shown in Column 2. 


Co = 14,350 p degrees. 


Transmission 
of Sector.* 

Am.* 

T a Deg. K. 

0-749 

0-0052 

1785 

•499 

■0653 

1727 

•2443 

•0055 

1032 

■0830 

•0057 

1509 

•0330 

•0058 

1420 

•01068 

•0059 

1356 

•00542 

•0062 

1207 


* Last digit in this column approximated. Sectors 
about 35 cm, in diameter. 


(ii.) Speed of Rotation of the Sectors. — 
Forsythe has investigated the speed necessary 
for rotating sectors and bis conclusions are: 

The sector must rotate at such a speed that 
no flicker is noticeable. To accomplish this 
the alternations must be at least 30 to 40 
per second. This is for the condition where 
the open and closed spaces of the sector are 
about equal in size. If there is a very great 
difference between the open and closed parts 
; of the sootor, as for instance in the case of the 
2-dog. sector with two 1-dog. openings, the 
speed must be higher. If tho motor available 
will not rotate tho sectors fast enough when 
there is but one opening and one closed part, 
it is often a great help to make more open 
spaces. A good plan is to have six openings, 
which will reduce tho neoossary speed con¬ 
siderably. For a small sector having a 1-dog. 
opening this is impossible without making 
tho sector too large, because if the sector 
opening is too small there is danger of an 
error due to diffraction. In this case, with 
a sector 35 cm. in diameter, it is necessary 
to have a motor that will rotate it something 
like 3500 r.p.m. 

In Fig. 13 are shown the values found for 
the transmission of a 180-deg. sector as a 
function of the speed in alternations per second. 
This transmission was measured with the 
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8 16 24 82 40 

Alternations per Second 

Fig. 13. 


optical pyrometer. It can be seen, as shown in 
the curve, that the value found is constant 
and equal to the transmission of the sector 
for alternations above about 30 per second, 
but below that the transmission at first be¬ 
comes smaller and then larger, and an apparent 
transmission of over 100 per cent is obtained 
for a speed of alternations of about 1 per second. 
The transmission, of course, approximates 100 
per cent for zero speed. 

The values found for the transmission for 
speeds corresponding to alternations between 
10 and 30 per second are due to a flicker which 
bothers the observer. It might be that another 
observer would get slightly different values for 
the transmission of such speeds. For speeds 
slower than 10 alternations per second the 
observer attempts to make settings when the 
open part of the sector is passing before the 
opening. There is a very great flicker and 
settings are at¬ 
tempted, using 
only the bright 
part. The value 
found for ex¬ 
tremely low 
speeds is due to 
the apparent 
over-shooting of 
the brightness of 
the source when 
viewed only for the short time as compared 
with the pyrometer filament, that always has 
about the same brightness. 

If the sector has a long opening measured 
in the direction of the radius, care must be 
taken to always use about the same part of this 
opening. This is to avoid error due to the fact 
that the radial sides of the openings may not be 
straight or may not be in a radial direction. 

§ ( 16 ) Absorption Glass for reducing 
the Intensity.— For most work the use of a 
neutral-tinted glass is to be preferred on 
account of its simplicity, but it has the dis¬ 
advantage that the effective wave-length 
shifts towards the green with increasing tem¬ 
perature. The best neutral glasses are far from 
being neutral. The transmission coefficient 
of the glasses obtainable varies considerably 
through-the visible spectrum. 

In Fig. 14 are shown some typical trans¬ 
mission curves for various absorbing glasses. 
iA l J?£ ree which it is necessary for the 
absorbing screen to have a spectral trans¬ 
mission independent of the wave - length 
depends on the monochromatism of the filter 
glass. It is evident that if the red filter glass 
is absolutely monochromatic any absorbing 
glass mil be satisfactory. If it transmits a 
band of appreciable width, then colour differ¬ 
ences are encountered which renders the 
Hatching of the brightness extremely difficult 
ie total transmission of the absorbing 


screen when used in conjunction with a rod 
glass in the eyepiece in the usual manner can 



Wauo-lengtft - ft 

Pig. 14.—Spectral Transmission of Various 
Absorbing (1 lasses. 

Curve B, .Tona absorbing glass I *f> nun. thick; curve 
C, Noviweld, obtained from Corning (Hums Works, 
shade about 0; curve ./), Loads & Northrup absorb¬ 
ing glass made of purple and green glass. 


body distribution 


be calculated for any blind 
by the following formula, : 

,.00 

/ -KVW* 

Total transmission coofTioiont = •", , 

/no 

/ EV/.y/X 

•'<! 

where E = black body energy for interval X to 
X + d\ and Y = visibility. and / hj metral 

transmission of red and absorbing glasses 
respectively. 

It is evident that if the spectral trans¬ 
mission of the absorbing glass is different for 
different wave-lengths, the total transmission 
will be a function of tho temperature of tint 
source under investigation. 

In Fig. 15 is shown, as a function of the 
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temperature of the source, tho total trails- 
mission for red light of tho absorbing glasses 
having the spectral transmission given by 
curves B and C, Fig. 15. ,V 

The data were obtained by Forsythe, who em- 
ployed a double thickness of the red filter glass 
whose spectral transmission .is shown in Fig H 
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§ (17) 'Distribution of Energy in the Heat 
Emission Spectrum of the Metai,s and 
Correction to Optical Pyrometer Read¬ 
ings.' —While Planck’s formula is capable of 
representing with considerable accuracy the 
distribution of energy among the wave-lengths 
of the spectrum of a “ full radiator,” the corre¬ 
sponding problem for a metal has not yet 
been solved. Attempts have been made to 
apply a modification of Wien’s form of equa¬ 
tion to represent the distribution of energy in 
the heat spectra of the metals, such as 
— 

E^ = (3 1 , X _a e ’ 

For platinum Paschen obtained the value 6-4 
for a ; Hummer and Pringaheim, 6-0 ; while 
MX'lftuloy, in a detailed investigation, was un¬ 
able to find any constant value of a to satisfy 
either the equation or a modified form of 
Planck’s. 

A considerable amount of experimental data 
has been accumulated, which is of practical 
value, insomuch that it permits of the calcula¬ 
tion of the corrections to temperature observa¬ 
tions on such surfaces when taken with an 
optical pyrometer calibrated under “ black 
body ” conditions. 

Unfortunately, however, such corrections 
can only bo regarded as approximations, since 
it has been shown that the slightest oxide 
film seriously affects the omissivity of a metallic 
surface. 

The work done on this subject may be 
roughly grouped under two headings: the 
one in which experiments have been made 
with spectral hands of appreciable width, 
such ns those obtained in practical forms 
of optical pyrometers, and over extended 
ranges of temperature ; the other in which 
experiments have been made with almost 
monochromatic illumination for various wave¬ 
lengths in the spectrum, the investigation 
being usually confined to a few steady tem¬ 
peratures. 

§ (IS) Emissivity of Iron Oxide.— When 
iron is heated in air to a temperature of 
about 800° (1 its surfaoo becomes covered 
with a brittlo coating of oxide, apparently 
consisting of FoO and Fe a O a in various pro¬ 
portions. In appearance the surface is silky 
and pitted with minute depressions, which 
produce the same effect as a collection of 
minute “ black bodies,” and consequently the 
surface has a high emissivity. Burgess and 
Foote have measured the emissivity of this 
oxide surface. 

A small sample of the oxide was heated up 
on a platinum strip and its apparent tempera¬ 
ture observed with a disappearing filament 
type of optical pyrometer, having a red glass 
with transmission band at X — 0-65 /*, 

The true temperature was obtained by 


placing on the platinum strip minute specimens 
of NaCl, Na 2 SO,, and Au. 

The table below gives the emissivity of the 
oxide surface at various temperatures : 


Molting- 
point of 

True Tem¬ 
perature, 

° C. 

Apparent 
Tempera¬ 
ture, ° C. 

Average 
Deviation 
from Mean. 

Emissivity. 

NaCl 

801 ±1 

801 

±1-5 

1-00 

Na 2 S0 1 

884±1 

882 

±3 

0-97 

Au 

1063±2 

1058 

±2 

0-94 


The emissivity is (§ (12) (ii.)) given by the 
equation 

T~S^ = ; i343c; logloE A’ 


where T is the true temperature, 

Sa is the observed temperature, 

X is the wave-length of light considered 
measured in fi units, 
c 2 is 'Wien’s constant (it was assumed to 
he 14,450). 1 

The emissivity appears to decrease slightly 
with increasing temperature, which is the case 
also with nickel and other oxides. 

Theauthors ignore the observation at 801° C., 
and by extrapolation—assuming a straight line 
—obtain the folio-wing corrections to reduce 
apparent to true temperatures: 


Observed Temperature, 
°C. 

Correction, 

0 C. 

000 

0 

700 

0 

800 

+ 1 

900 

+ 2 

1000 

+ 4 

1100 

+ 6 

1200 

+10 


§ (19) Emissivity of Copper and Cuprous 
Oxide. —Burgess investigated the emissivity 
of a clear copper surface and one of the 
oxides, employing the disappearing filament 
type of pyrometer with red (X=0-65 fi) and 
green (X = H55 /x) glasses. . 

The copper was contained in shallow cru¬ 
cibles of magnesia and graphite, about 8 cm. 
inside diameter. These were heated in a gas 
furnace, and by regulating the. gas. and air 
supply it was possible to obtain either the 
clear metal surface or the oxide surface. The 
crucible was set in the furnace so that the 
flames could not play on the surface, and also 
in such a position as to avoid direct radia¬ 
tion from the walls of the crucible into the 
pyrometer. 

‘ In the case of the rough oxide surface diffuse 
reflection from the surface might vitiate the 
observations. But when sighting on the 

, i Tlie value generally accepted at the present date 

is 14,360. The factor -4343=logio e. 
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mirror-like surface of the molten metal only 
specular reflection was possible, and there 
could be no error due to this cause, unless the 
image of some hot object was actually visible 
in the telescope. 

Temperatures were measured by means of 
a thermo-element bent into the form of a crook. 

From the observations the following equa¬ 
tions were deduced, in which t is the true 
temperature centigrade and s the apparent. 

(i.) Clear Molten Copper Surface. 

Red light (X=0‘65 g), 

t = 1-515 s- 359. 

Green light (X=055 //), 

t = l‘5l5 s- 477. 

Hence at the melting-point the apparent tem¬ 
perature, with the red glass, is too low by 130°. 

The green glass gives a temperature 78° 
higher than the red glass throughout the range. 

Burgess states that in deducing the equa¬ 
tions a slight allowance was made for the fact 
that the optical readings would tend to be too 
high, on account of the slightest traces of 
impurity on the copper surface. 

The maximum difference between the ob¬ 
served and computed values of the tempera¬ 
ture over the range 1073° to 1200° 0. was 
about 13°. 

(ii.) Cuprous Oxide Surface .—The formation 
of an oxide film caused an apparent increase 
of 100° in the temperature of ' the molten 
copper when observed with the red glass, 
and 35° in the case of the green glass. 

The smaller increase with the green glass is 
due to the fact that molten copper radiates 
strongly in the green. This greenish appear¬ 
ance persists in the case of incandescent solid 
copper, as may be observed by adjusting the 
gas feed to remove surface oxidation. 

The relation between the apparent and true 
temperatures, in the case of the oxide, is not 
quite linear. This can be seen by a considera¬ 
tion of the data in the Table below, which 
refer to the red light of wave-length X=0-65 p. 


Pyrometer Reading, 

"C. 

True Temperature, 

° 0 . 

Molten Copper 

950 

1082 

975 

1118 

1000 

1156 

1025 

1193 

1050 

1231 

Cuprous Oxide 

900 

903 

950 

958 

1000 

1020 

1050 ■ 

1087 

1100 

1159 

1150 

1233 


Emtssivitiks 


Temperature, 

°C. 

A = O’Of) p. 

| A = 0 55 

Molten Copper 


1075 

0-17 

(>••17 

1125 

(>•15 

0*38 

1175 

(>■14 

(>•32 

1225 

0-13 

(>■28 

Cuprous (hide. 


1000 

0-80 

(MIS 

1100 

(POO 

1200 

(049) 

(0.49) 


The corrections necessary to temperature 
observations with an optical or total radiation 
pyrometer when sighted, on copper and copper 
oxide surfaces are shown graphically in Fig. 16 



Fig. 10.—Black Body Temperatures for Llqultl 
and Oxidised Copper (A • •- ()•(%). 


§ (20) Emissivity of Solid and Liquid 
Gold.— Gold is one of the metals which 
does not oxidise appreciably when healed. 

Both copper and gold emit greenish or 
bluish light at high tomporatuim Stubbs 
and Prideaux made a study of the eniisHivity 
of gold. The radiation of the various wave¬ 
lengths was measured by moans of a Kiinig 
spectrophotometer and direct comparison made 
with the radiation from a “ black body ” at 
the same temperature. 

The metal was contained in a silica capsule 
of 4*5 cm. diameter and 6 mm. (loop. The 
“ hlaclc body ” was placed in exactly the name 
position for the second experiment. It con¬ 
sisted of a cylindrical graphite block, 1,1 om. 
long, 5 cm. in diameter, in the centre of which 
a hole 12 mm. in diameter by 9 cm. deep was 
bored. 

True temperatures wore obtained by moans 
of thermocouples. 

In the case of the gold the two couples 
dipped into the motal, one on either side of 
the field of view. Owing to the shallowness 
of the depth of immersion an error of the 
order of 6° at 1000° 0. was introduced in the 
observed readings. A correction was applied, 
this being determined by observing the ap¬ 
parent, freezing-point. Two couples wore also 
embedded in the graphite. The black body 
conditions were sufficiently perfect to make it 
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impossible to distinguish the white thermo¬ 
couple when it projected into the central hole. 

(i.) Impurities or Inequalities in the Gold 
Surface .—Any slight surface film present was 
found to produce an increase in the red radia¬ 
tion in which the gold spectrum was weak. 

The impurities were got rid of in the case of 
the molten surface by the application of borax. 

The solid gold surface proved to be more 
difficult to obtain free from oxide. 

It was found that a surface turned flat, 
treated with four grades of fine emery powder 
and then with jeweller’s rouge, gave an ap¬ 
parently perfect mirror. On heating, however, 
a conspicuous rod film was produced. This 
film could be removed by repeatedly treating 
the surf a,co with borax at a temperature near 
the melting-point. Although a clear, solid gold 
surface was obtained when the liquid solidified, 
it was generally uneven owing to contraction, 
Crystallisation, etc., and consequently reflected 
heat from the furnace walls into the spectro¬ 
photometer. 

Occasionally by very slow cooling an area 


discontinuity occurred in the emissivity wave¬ 
length relationship, the relative emissivity in¬ 
creasing in the red and decreasing in the violet. 
Roughly the emissivity for red light of the 



Waue-tengtli in p. 

1?IG. 17.—Diagram to illustrate Emissivity of Gold. 

solid gold is only about three-fifths that of 
molten gold. 

For the limited range of temperature in¬ 
vestigated (110° C. in the case of the molten 
state) no change of the relative emissivity of 
either molten or solid gold with temperature 
was observed. 


Emissivity of Gold in the Solid State 


Wave-length. 

Temperature, °0. 

Mean Emissivity. 

040". 

o 

6 
t— i 

1001". 

1046°.* 

0-7014 

[0-164] 

[0-134] 

0-103 

0-103 

0-103 

0-0712 

[0-1401 

0-114 

0-114 

0-116 

0-114 

0*0400 

[0-1001 

0-144 

0-143 


0-143 

0-0140 

[0-1981 

0-172 

0-171 

0-178 

0-175 

0-5805 

0-241 

0-220 

0-221 


0-229 

0-5040 

0-315 

0-291 

0-289 

0-361 

0-301 

0-5418 

0-370 ' 

0-371 

0-366 


0-371 

0-5186 

0-520 

0-465 


0-516 

0-494 

0-4061 

0-505 

0-402 


0-541 

0-531 


* Data given in this column refer to a surface naturally crystallised from the molten state. 
Values enclosed in brackets [ ] were obtained with a surface having a slight film over it. 


could bo obtained which was free from un¬ 
evenness. 

'The following values were obtained for tho 
omissivity of molten gold at the temperature 
of its freezing-point: 


Emissivity of Gold in this Molten State 


Wave¬ 

length. 

Emi.ssivity. 

Wave¬ 

length. 

Emissivity. 

0-7014 

0-184 

0-5040 

0-347 

0-0712 

0-203 

0-5418 

0-390 

0-0400 

0-232 

0-5180 

0-434 

0-0140 

0-203 

0-4901 

0-473 

0-5805 

O-304 

0-4750 

0-503 


For solid gold at various temperatures the 
values tabulated below wore obtained. The 
data are shown graphically in Fig. 17. 

Stubbs and Prideaux observed that in pass¬ 
ing from the solid to the molten state a sharp 


From the above values of the emissivities 
the “ black body ” or true temperatures 
corresponding to various values of the apparent 
temperatures can readily he calculated from 
the relationship : 


where E//E\ is the emissivity for wave¬ 
length X. 

True Temperature, 1063-2° C. 


Wave-length 
in fx. 

Apparent Temperature, °C. 

Solid. State. 

Molten State. 

0-7014 

891-5 

\ 931 

0-6490 

925-5 

956-5 

0-5895 

964 

982 

0-5418 

1000 

1003 

0-4961 

1025-5 

1019 


2 tr 
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The data in preceding table give the apparent 
temperatures by Wien’s equation for various 
wave-lengths corresponding to a true tempera¬ 
ture of 1063-2° C. 

§ (21) Solid and Molten Copper and 
Silver. —An investigation on the same lines 
as the above described in the case of gold was 
carried out by Stubbs for the metals silver and 
copper. 

(i.) Copper .—The metal was contained in a 
silica pot and heated in a closed furnace with 
a hydrogen atmosphere, the observations being 
taken through a glass window (microscope 
cover glass). 

The block of copper (4-2 cm. diameter) was 
turned up to a flat surface, rubbed smooth 
with emery paper, and polished with metal 
polish. The use of rouge was avoided as it 
was found to tarnish on heating. No trace 
of filming was observed, and the surface 
showed no deterioration until a temperature 
of about 10° from the melting-point had been 
attained, when recrystallisation rapidly set in, 



Fig. 18.—Dhagram showing Emissivities of 
Solid and Molten Copper. 

and this produced stray reflection of light 
from the furnace wall into the photometer, 
owing to the roughening of the surface. 

A perfect mirror of molten copper, free from 
film, was obtained without difficulty. 

The emissivities for the solid and molten 
copper for various wave-lengths are shown in 
Fig. 18. The values are for a temperature of 
1010° C. for solid copper and 1130° C. for 
molten copper. As in the case of gold, there 
is a discontinuity at the melting-point, but of 
smaller magnitude. 

The values differ markedly from those 
obtained by Burgess described above. 

This may be due to the fact that the ex¬ 
perimental conditions in Burgess’ work were 
less favourable, and that the red glass of his 
pyrometer transmitted a comparatively wide 
spectral band (100 p/i), while the width of the 
band in the photometer employed by Stubbs 
and Prideaux was 8 gg. 

(ii.) Silver .—It was unnecessary to take the 
extreme precautions for the exclusion of oxygen 
in the case of silver as for copper. A satis¬ 


factory reducing atmosphere was produced 
by placing a small quantity of powdered 
graphite in the furnace below the crumble 
containing the silver. The solid metal surhino 
lost its polish on heating, so that no measure¬ 
ments could be made of its true einissivity. 

The emissivity of the molten surface for 
various wave-lengths is shown in Fit/. 19. 

There appeared to bo a slight incroaso in the 
relative emissivity with temperature, but 
owing to the small magnitude of the coefficient 
the authors are in some doubt as to its real 
nature. 

The apparent temperatures corresponding 
to the various wave-lengths at the melting- 
points of the metals are given below : 


Wave¬ 
length 
in |U/x. 

Copper, m.p. 1083" <!. 
Apparent 
Temperature. 

Silver, m.p. 901" Q, 
(Liquid,) 
Apparent 

Solid. 

Liquid. 

Temperature. 

700 

890 

917 

792 

050 

924 

942 

804 

600 

900 

973 

810 

550 

1007 

1003 

831 

500 

1028 

1020 

845 


§ (22) Emissivity of Polished Platinum. 
—The permanency of a polished platinum 
surface greatly simplifies the study of the 
emissivity of the metal at high temperatures. 

Holborn and Kurlbaum, and IVaidner and 
Burgess have independently investigated the 
difference between the apparent and true 
temperatures for approximately monochro¬ 
matic radiation of a platinum surface. The 
former employed a small box of platinum, 
with a thermocouple in the interior, to give 
the truo temperature, the apparent temperature 
being obtained by moans of an optical pyro¬ 
meter. 

The latter worked with a July metdometor, 
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Fig. 19.—Relation between True anil Apparent 
Temperatures for Platinum p), 

which consists of an electrically heated 
platinum strip the expansion of which is 
measured by a micrometer screw. 
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The apparent temperature of the strip was 
determined with a “ disappearing filament ” 
type of optical pyrometer. 

True temperatures were obtained by cali¬ 
brating the strip by melting-points of pure 
metals and salts. 

The electric contact micrometer permitted 
of accurate determinations of lengths corre¬ 
sponding to the melting-temperatures of minute 
specimens heated on the strip. 

The relation between apparent and true 
temperatures is shown in Fig. 19. 

§ (23) Distribution of Energy in the 
Spectra of Platinum, Palladium, and 
Tantalum. —McCauley has investigated the 
distribution of energy in the heat spectra of 
platinum, palladium, and tantalum over a 
wide range of temperature. 

The experiments were made on electrically 
heated strips 3-5 cm. long, 0-05 mm. thick, 
by 7 mm. wide, folded into wedge-shaped 
filaments with 12° angular opening. 

The “ true temperature ” was deduced from 
observations of the radiation from the interior 
of the wedge, using a disappearing filament 
type of optical pyrometer. 1 

The distribution of energy was obtained with 
the usual spectra-bolometrio arrangement. 

With tantalum great precautions had to be 
taken to obtain the highest vacuum in the 
enclosure containing the filament. The slightest 
trace of residual gas would cause the resistance 
to increase rapidly, the metal becoming brittle 
and losing its metallic appearance. 

If the vacuum was satisfactory the metal 
after heating remained bright and ductile 
except for a slight flaking off at the highest 
temperatures. 

The spectral energy curves for platinum, 
palladium, and tantalum were perfectly con¬ 
tinuous and showed no bands of selective 
emission. They resembled generally those of 
a “ black body,” but no modifications of Wien’s 
or Planck’s formulae were found capable of 
resembling the curves over the range. Taking 
tho general form of Planck’s equation, 


and determining a mean value of a from tho 
data of a given isothermal curve, McCauley 
found that the computed emission for palladium 
was in general from 4 to 7 times smaller than 
the observed value at 0 /*. The agreement was 
better for shorter wave-lengths and corre¬ 
spondingly worse for longer ones. 

For all three metals the omission diminishes 
more rapidly than that of a “ black body ” at 
the same temperature in the infra red. 

The wave-length of maximum emission 
shifts much more slowly towards the shorter 

1 This device for obtaining “ full radiation" is 
discussed in detail in § (24). 


wave-lengths for increasing temperature than 
for a “ black body,” especially at the higher 
temperatures. The product A m T increases 
with temperature, and the constant value for 
platinum found by Lummer and Pringsheim 
is probably in error. Their value of A m T = 2620 
is correct only in tho neighbourhood of 
2000° abs. 

§ (24) Melting-points of Refractory Ele¬ 
ments and Compounds. —For melting-point 
determinations at temperatures exceeding 
1500° 0. it is advisable to employ some type 
of pyrometer based on the laws of radiation, 
preferably of the optical type. 

The measurement of the apparent tempera¬ 
ture usually presents no difficulty but the 
determination of the emissive power, and hence 
the correction of “ apparent ” to true tem¬ 
peratures is a troublesome operation. 

, If tho conditions permit of the material being 
heated under black body conditions, then the 
true melting-point can he obtained by direct 
'observation, 

Kanolt, for example, determined the melting- 
point of the refractory oxides—lime, magnesia, 
alumina, and chromium oxide—by heating in 
a graphite spiral furnace. The material was 
contained in a crucible with re-entrant tube, 
and a heating up curve taken with a pyrometer 
sighted on the bottom of the re-entrant tube 
(see Fig. 10). At tho melting-point a halt in 
the time-temperature curve is observed. 

Tho material of the crucibles had to bo 
chosen so as not to react with the charge. 
Graphite and tungsten crucibles were found 
satisfactory for the above oxides. 

Sometimes the material is so costly that 
sufficient quantity to fill a crucible cannot ho 
obtained, so the direct method cannot ho 
employed. 

Mendenhall and Ingorsoll adapted tho 
Nornst glower as a source of high temperature 
heat supply for the determination of the 
melting-points of rhodium and iridium. A 
polarising typo of pyrometer was used for 
taking tho temperature of tho Nornst filament 
(see Fig. 20). The apparatus was calibrated 



from the known values of tho melting-points 
of gold, palladium, and platinum. The metal 
under test was in the form of a minute globule, 
diameter of the order of 0-05 mm., which was 
observed by means of a microscope. By 
careful manipulation of the current through 
the glower it was possible to maintain one part 
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melted and the other part solid in the case of 
most of the metals. The method, of course, is 
only applicable to metals which draw, into 
clear metallic beads and which give consistent 
readings for successive melts. 

The metals tungsten, tantalum, and 
molybdenum being readily oxidisable cannot 
be studied by any of the previously described 
methods. Hence the experimental arrange¬ 
ments must be such that the electrically 
heated sample gives ap¬ 
proximately “full radia¬ 
tion.” 

Mendenhall accom¬ 
plished this by means of 
a narrow wedge opening 
formed by folding on 
itself a sheet of the 
material being studied. 

The arrangement of the 
apparatus is shown in 
Fig. 21, where E is a flat 
conducting ribbon, heated 
by a longitudinal electric 
current, as shown, and 
folded on a line parallel 
to the length so that 
the resulting cross-section perpendicular to 
the current how is a very narrow V—say 
with about 10° angular opening. If the 
ribbon is of uniform thickness and width, 
it will be raised to a uniform temperature by 
a given current, except near the ends. The 
inside of the V might be then expected to be 
a close approximation to a black body, since 
it has but a small opening and uniformly 
heated walls, and if this were so, observations 
on it with an optical pyrometer would give 
the true temperature of the inside walls. The 
outside of the V will give radiation character¬ 
istics of the material of the ribbon. 

The questions arise : 

(1) How closely does the radiation from the 
inside of the V approximate to that of a 
black body at the temperature of the inside 
walls ? 

(2) How much real temperature difference 
is there between the inside and outside 
surfaces of the wall of the V ? 

The first of these two questions is answered 
by considering the building up of radiation 
within the V opening by multiple reflection. 
In Fig. 22 a V opening is formed by bending a 
p specular reflecting sheet. 
Points A, B, C, D, 

. E, and E are points 

f q of reflections for a ray 

Fig. 22. which may be imagined 

as entering at P. If 
the material of the V is radiating, in conse¬ 
quence of its temperature, for any range of 
wave-lengths, the brightness of the point E, 
as viewed from Q, may be considered as made 


up of various components : iirst, that duo to 
the natural radiation from If ; second, that 
due to the natural radiation from E reflected 
at E; third, that due to the natural radiation 
from I) which is twico reflected at E and at 
F, etc. Limiting ourselves to a small wave¬ 
length interval, remembering according to 
KirchhofPs law that tho reflection factor r is 
equal to 1 - e, and representing by 1/ tho 
spectral brightness of a black body at tho 
temperature of tho material of the V, and 
by b" the corresponding spectral brightness 
of the point E as viewed from Q, wo have 

b" — eb' + rcb' + r“cb' + . . . r n eb' 

= <‘b'( 1 - r”). 

With a V opening of 1.0°, as suggested by 
Mendenhall, n will be equal to 18. Thus with r 
equal to 0-7 (which is roughly the value for tho 
material used originally by Mendenhall) b"/b is 
found to be 99-8 por cent, that is, the radia¬ 
tion. from tho V cavity may be said to be 99*8 
per cent black, a satisfactory approach to 
black-body radiation. 

The second question relating to tho tem¬ 
perature difference between tho inside and tho 
outside of the V opening was settled by com¬ 
puting tho difference in temperature from tho 
known dimensions, tho electrical input, and 
the thermal conductivity of the material. For 
the platinum wedges used, Mendenhall found 
a difference of tho order of a few tenths of u, 
degree. His results on platinum agreed quite; 
well with tho previously mentioned results by 
Holborn and Kurlbaum and by Waidner and 
Burgess. 

Later Mendenhall and Forsythe applied 
this method with considerable success to 
tungsten, tantalum, molybdenum, and carbon. 

While tho V method of obtaining the true 
temperature of tho material being investigated 
was theoretically a considerable advance, it 
left some uncertainties. The method de¬ 
manded a uniform'temperature over relatively 
large plane surfaces. Moreover, in certain 
eases, particularly in connection with tungsten, 
trouble was experienced duo to the two 
separate sheets, found necessary at that 
time in making up tho V, separating so an 
to leave a gap between the two parts. 

Worthing devised another method of effect¬ 
ing the same object. He employed a hollow 
cylindrical tungsten filament perforated with 
small holes. This was mounted in a large 
lamp bulb. 

Determinations of tho brightness were 
made by sighting on a hole and on the adjacent 
surfaoo. The ratio of the latter brightness! 
to the former when corrected for (l) tho 
difference in temperature between the interior 
and the surface, (2) for tho departure from 
“ full radiation ” of that from the interior 
due to the presence of the hole, (3) for tho 
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lack of symmetry in the temperature distribu¬ 
tion over the filament, gives the emissive 
power for the metal at that temperature. 

A linear relation was obtained between the 
emissive power and the true temperature 
over the range 900° to 2900° C. ; the values at 
theses two temperatures being 0-467 and 0-406 
respectively for X=0-666 /x. The correspond¬ 
ing corrections to convert apparent to true 
temperatures are 33° and 375° C. 

Assuming that the linear relationship be¬ 
tween emissive power and temperature for 
solid tungsten continues to hold up to the 
melting-point, this occurs at 3360° C. 

The apparent temperature (for red radiation) 
of the melting-point is 2870° 0., and the 
omissivity 0-390. 


It is advisable to make the intensities of the 
light from the lamps and the standard 
approximately equal to facilitate comparisons 
of the colours. In the table below are given 
some data by Hyde for commercial tungsten 
lamps in which the true temperature, the 
colour temperature, and the apparent or 
brightness temperature are compared with, 
the lumens per watt. It might be remarked 
that the temperature scale is based upon the 
melting-point of gold at 1063° C., and the 
value 14350 for c 2 in Wien’s equation. This 
gives the value 1555 for the melting-point 
of palladium, whereas the value obtained by 
Day and Sosman was 1550° C. The differ¬ 
ence, however, is practically within the limit 
allowed for experimental error. 


Skmmauv of Determination oir Melting-points of Tungsten and Tantalum 


Observer. 

Bate. 

Method. 

Value, ° C. • 

Average 

Deviation 

from 

Mean, 0 C. 



Melting-point of Tungsten 



Wftidnor and Burgess 

1907 

Extrapolation 

3080 

28 

1’Irani .... 

1910 


3250 


Hull .... 

1907 

Carbon tubo furnace 

2650 

33 

WarLmberg 

1910 

Apparent temperature and reflecting power 

2930 

30 


( 

Vacuum furnace 

2970 

27 

Forsythe . 

19114 

Wedge method 

2970 



l 

Apparent temperature and wedge 

3030 


Langmuir . 

1915 

Arc method 

3270 

30 

Worthing . 

1916 

Hollow filament method 

3360 




Melting-point of Tantalum 



Waidnor and Burgess 

1907 

Extrapolation 

2900 


... - I 

1910 


3000 


.Pimm , . ♦ ^ 

1911 

Apparent temperature and reflecting power 

2700 

•• 

Forsythe . 

1911 

Wedge method 

2800 



§ (25) Colour Match Method of deter¬ 
mining Filament Temtehatures. —A method 
of estimating the temperature of lamp filaments 
which lias come into extensive use in recent 
years is that lianod on colour matching. By 
the colour temperature is meant the tempera¬ 
ture of a full radiator when its radiation 
matches in colour the radiation from the 
incandescent metal. Tho relation between 
colour temperature and true temperature for 
tungsten has been determined by Hyde, 
(lady, and Forsythe, so that it is now possible 
to estimate the temperature of the filament 
of a tungsten lamp by matching its colour 
against that of a standard whoso temperature 
is known. 

In practice tho comparison standard is not 
a “ black body ” but a combination of a 
vacuum lamp with a filter. This lamp is 
run at different voltages to give the desired 
colour for matching. The lamp filaments to 
be tested are compared by means of Lummer- 
Brodium photometer head with the standard. 


Melting-point of Tungsten — 3675° Iv. 


Brlghtnosfl 

Temperature, 

°K. 

True 

Temperature. 

0 K. 

Corrected fur End Effects 
and Bulb Absorptions. 

Colour 

Temperature. 

0 K. 

Lumens 

per 

Watt. 

1600 

1701 

1714 

0-78 

1650 

1758 

1775 

1-04 

1700 

1816 

1837 

1-40 

1750 

1874 

1898 

1-81 

1800 

1932 

1960 

2-31 

1850 

1990 

2021 

2-90 

1900 

2049 

2082 

3-56 

1950 

2108 

2144 

4-35 

2000 

2167 

2205 

5-26 

2050 

2227 

2266 

6-30 

2100 

2287 

2327 

7-45 

2150 

2347 

2389 

8-69 


Above table based on the following constants : 
Melting-point of gold, 1336° K 
Melting-pomt of palladium, 1828 K. 

Ihese result in Wien’B constant c 2 being erjual to 
14350 ix x deg. 
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§ (26) Temperature Measurement in 
Terms of Total Intrinsic Brilliancy. —An 
empirical method of estimating temperatures 
which is occasionally used' in connection with 
light sources, such as incandescent lamp 
filaments, is one developed by Rasch. 

He proposed the relationship 

log H = - ^ + B 

for connecting the temperature T (abs.) of 
a “ black body ” and its total intrinsic 
brilliancy H. 

It will be observed that this equation is 
merely Wien’s law, in which monochromatic 
light is replaced by the total radiation visible 
to the normal eye. 

This, of course, is a somewhat questionable 
assumption, but some support is given to it 
by the fact that Crova has shown that, for all 
ordinary light sources giving a continuous 
spectrum, there is one wave-length for which 
the monochromatic intensity is proportional 
to the total intensity. This wave-length is 
about 0-58 g. 

In order to test Rasch’s equation it is 
necessary to measure the intrinsic brilliancy 
of a “ black body,” i.e. the candle-power per 
sq. mm. It is a difficult matter to do this 
with sufficient accuracy on the usual type of 
uniform temperature enclosure form of “ black 
body,” and the following indirect method 
was adopted by Nernst. 

Nernst lamp filaments were measured, and 
the relation between the watts expended and 
the candle-power obtained was observed in 
the usual manner by photometric measure¬ 
ments. 

A filament was then set up in front of a 
“ black body ” furnace, and at a series of 
steady temperatures the filament was brought, 
to a temperature when it disappeared against 
the background, i.e. emitted the same intensity 
of light. 

From the watts expended in the filament 
the intrinsic brilliancy of the filament, and 
hence that of the furnace, was obtained. 

The actual temperatures of the furnace 
were obtained by means of a Wanner pyro¬ 
meter standardised by the melting-point of 
gold (1064° C.), and assuming c 2 in Wien’s 
equation to be 14600. 

Rasch’s equation was verified within 10° 
over the temperature range from 1400° to 
2300° C., and from the experiments the 
constants of the equation were obtained: 

11230 

6-367 -log in K’ 

where K is the intrinsic brilliancy in Hefner 
candles per sq. mm. 

This equation requires a correction factor 
if employed for taking the temperature of 
surfaces which are not full radiators. 


For example, tungsten has an ■ omissi vily 
of about 0-51 for light of X = Of>0 
Hence, if H is the intrinsic, brilliancy of a 
tungsten filament, and K that of a “ black 
body ” a t the same true temperature, then 
H-0-5 IK. 
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PYROMETRY, TOTAL RADIATION 

§ (1) Tup “ Fourtii-powee, ” Law of Radia¬ 
tion. —At temperatures exceeding 1300° 0. the 
practical difficulties encountered in the use of 
thermoelements, resistance thermometers, and 
gas thermometers are very considerable, even 
under the favourable conditions prevailing in 
the laboratory. For industrial work the 
diflioi.ilties are vastly greater and other methods 
have to lie resorted to, such, as those based on 
tlio laws of radiation. With pyrometers of 
the radiation type it is not necessary to 
subject any portion of tlio instrument to the 
temperature of the furnace, and there is no 
upper limit to the temperature which can be 
measured. 

§ (2) Tub Stefan-Boltzmann Law.—T he 
earliest suggestion of a simple relation con¬ 
necting the radiation from a surface and its 
temperature was that of Stefan in 1879, who 
obtained empirically the relationship between 
total radiation and temperature now generally 
known as the “fourth-power law.” 

In 1884 Boltzmann gave a theoretical proof 
of the fourth-power law based on thermo¬ 
dynamic principles and Maxwell’s electro¬ 
magnetic theory of light. He pointed out that 
the law was only valid for an “ ideal black 
body.” 

The radiation emitted by such a. body would 
possess a character independent of the pro¬ 
perties of any particular substance and would 
bo identical with the radiation, within a uni¬ 
formly heated enclosure. This conception of 


a perfect black surface and its practical 
realisation, by means of an enclosure at a 
uniform temperature, is due to Kirchhoff. 1 

He demonstrated conclusively that the 
radiation issuing from a small hole in a uni¬ 
formly heated enclosure would be “ full 
radiation ” for that temperature, such as 
would be emitted by an ideal black body. 

The simplicity of the law and the fact that 
most industrial furnaces, etc., are fair approxi¬ 
mations to uniform temperature enclosures 
have been factors of immense service in the 
development of high-temperature pyrometry. 

The formal statement of the Stefan-Boltz- 
mann law is S = tr(0*-0 o i ), 

where S is the energy per srp cm. per sec., 

ir a numerical constant the experimental 
value of which is 1-36 x 10~ 12 gm. cals, 
per sec. per cm. 2 , 

0 the absolute temperature of the surface, 
6 0 the absolute temperature of the sur¬ 
roundings receiving the radiation. 

It will be observed that as a method of 
defining absolute temperature the law is inde¬ 
pendent of the specific properties of any 
particular substance ; the ideal black body 
in this respect playing the same role as that 
of a perfect gas in the definition of the gas 
scale. 

A comparison at one temperature above 
zero with the gas scale would suffice to deter¬ 
mine cr and hence connect the two scales. 

Since, however, Boltzmann’s demonstration 
involves an imaginary thermodynamic cycle 
with radiation as working fluid, it is necessary 
to confirm the theoretical deduction by experi¬ 
mental observations over an extended tem¬ 
perature range. Shortly after its formulation 
the law was submitted to test by various 
investigators ; the most comprehensive series 
of experiments were carried out by Lummer 
and Pringsheim, who investigated the radiation 
from a “ black body ” enclosure over the tem¬ 
perature range 100° to 1300° 0. 

§ (3) Lummer and Pringsheim’s Experi¬ 
ments. —For the measurement of the radia¬ 
tion the authors employed a modified form of 
Langley bolometer—an instrument depending 
on the change of electrical resistance of 
platinum with temperature. Details of the 
instrument are given later. 

(i.) The Apparatus .—The general disposition 
of the apparatus is shown in Fig. 1. 

A was a hollow vessel containing boiling 
water. This source of radiation was used as 
a standard of reference for calibrating the 
bolometer from time to time, since only by 
this means could the variations produced by 

1 Kirchhoff defines a “ black body ” as one which 
has the property of allowing all incident rays to 
enter without surface reflection and not allowing 
them to leave again. See “ Theory of Heat Radia¬ 
tion” (Planck; t-rans. by Masius). 




664 


PYROMETRY, TOTAL RADIATION 


changes in the battery current ancl galvano¬ 
meter sensibility bo eliminated. 

The radiation could be cut off from the 
bolometer by means of a water-cooled shutter. 

The “ black body ” C was employed for the 
range of temperature from 200° to 600° C. 
It consisted of a hollow sphere of copper 
blackened inside with 
platinum black and 
contained in a bath 
of well-stirred molten 




Pig. 1.—'Diagram of Apparatus for 
the Range 200° to 600° C. 

vessel with boiling water; B, bolometer; 0, 
molten salt bath around the.hollow sphere (black 
body enclosure). 


salt. This salt bath could be maintained at 
any desired temperature by regulating the 
flame. The temperature was measured by 
means of a high-range mercury thermometer 
and a thermoelement. 

• The procedure in carrying out the observa¬ 
tions was as follows : 

The bath was heated up to the desired 
temperature and maintained steady; then 
the water-cooled shutter was raised to allow 
'radiation to fall on the receiving face of the 
bolometer. When the galvanometer deflection 
had attained its maximum value the shutter 
was lowered and galvanometer zero redeter¬ 
mined ; if it differed slightly from the previous 
value the mean was taken. 

For higher temperatures, from 600° to 1300° 
C,, the construction of the “ black body ” is 
shown in Fig. 2. D was an iron cylinder 
(coated inside with platinum black) enclosed 
in a double-Availed gas muffle. The tempera- 

D. T 



\ 

B 


)l 1 1 

lUrJ_U 

i—m—rnr 
'-rL-1-i..uL 





Fig. 2.—Diagram allowing Construction of 

“ Black Body,” for the Range 000(1° to .1.300° 0. 

D, iron cylinder, “ black body ” enclosure; T, 
porcelain tube carrying thermoelement; B, bolometer. 

ture of tho interior of the iron cylinder 
was obtained by a thermoelement enclosed 
in a porcelain tube T passing through tho 
furnace. 

(ii.) The Bolometer .—Essentially this is a 
Wheatstone’s bridge, the four arms of which 
consist of grids of thin platinum foil similar in 
all respects. The method of connecting up the 


grids is shown in Fig. 3. Grids 1 and 3 are in 
the opposite arms of the bridge, and tho 
strips of 3 are set to receive the radiation 
passing through the gaps of 1. The other two 
grids, 2 and 4, are similarly disposed, but 
shielded from radiation by a box. 

To prevent wandering of the galvanometer 
zero, the disposition must 
be as symmetrical as 
possible, and the whole 
instrument enclosed in a 
well-lagged box provided 
with diaphragms to cut 
down the radiation falling 
on the absorbing surface 
to a parallel beam of about 
16 mm. in diameter. 

The grids aro of foil from 
one to two thousandths of 
a millimetre thick and with 
a resistance of about 60 
ohms each. 

Theoretically the quantity of radiation 
received per unit time, for a given difference 
of temperature by unit area, at a distance r 
from a point 
source, varies 
inversely as r 2 . 

Lummer and 
Pringsheim ascer¬ 
tained that their 
experimental ar¬ 
rangements com¬ 
plied with this 
theoretical con¬ 
dition, by taking 
observations at 
varying distances 
between the 
“ black body ” 
and bolometer. 

It was found that tho galvanometer deflections 
varied inversely as the square of tho distance. 
Since the quantity of radiation received 
varied as tho difference of the fourth powers 
of the absolute temperatures of the radiator 
and receiver, it was necessary to vary the 
sensitivity of tho bolometer in order to keep 
the galvanometer deflections within measur¬ 
able limits. Two means of effecting this we.ro 
employed : (I) variation of the sensitivity of 
the Wheatstone bridge by changing the battery 
current: (2) alteration of tho distance between 
the “ black body ” and the bolometer. 

(iii.) The Observations .—Tho observations 
were all reduced to a common unit (arbitrary), 
based on tho radiation from the “ black body ” 
at 100° C, at a standard distance of 633 mm. 

If d was the deviation of tho needle for 
“ black body ” at absolute temperature 0, and 
h a constant, the mean value of which for their 
instrument was 123-8 x 10~ 10 , then 

d = /c(0*-29O 4 ), 
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where 290° was the absolute temperature of , law to 1150“ 0 to the ^me order of aoeuracy 


rolis.-Aalc. 


where zyir was rue aosoruws waup«»uv — , , , ,, , „ 

, , , . . 170 rM as the gas scale was known at that time. 

XmElSS L nla"b»;t a o„ B „ e § (4)^’ouHTxr-rowiitiL aw between ](Ki3° 0. 
compamd with viuM calculated from the a» 1548" C-I.1 an mvcehgation. whose 
fourth-power law. The calculated temperatures primary object was the eompaiison of the 
are Coined by talcing the mean value of k “ of^al scale.” based™ W- sdi^bution 

Table I tion ” scale, based on the 

.- - -;- - fourth-power law, Men- 

»“>« 1-X10-. "calc. »cl,s.-«calc. a-WI, «* ***«• 

of Black Body. (Reduced). checked the Stefan-Boltz- 

_ ____ __———-—-— - - mann law at the two tem- 

3 7 3 .j 153 127 374*0 - 1*0 poratures 1063° C. and 

492-5 638 124 492-0 + 0-5 1549° C. These tempera- 

723 3,320 124-8 724-3 - 1-3 -fcures are the melting- 

745 3 ’,810 126-0 749*1 - 4 '1 points of gold and 

*789 4,440 (116-7) 778-0 +1 i’r palladium respectively as 

810 5,160 121-6 806-5 + •’> determined by Day and 

868 0,910 123-3 807*1 + °*» g osmaa . 

*1092 16,400 t,™ + 17 The comparison was 

Hl112 ]] ’«»! 194 2 1370 - 1 effected in an indirect 

137 Q 44 700 124-2 loiv x ml u . 

1470 57 400 123-1 1408 + 2 manner. The melting- 

1497 60 000 120-9 1488 + 9 points of gold and pal- 

1535 67,800 122-3 1531 + 4 ladium were observed in 

__J_1___—-—...—- terms of the sealo of a 

* These experiments were carried out with the whI tonaeio tenBieratiaca oertain optical pyrometer 

d™ Wft »“ uidfSrnity 1 rn'toSmteres 1 with a small ilaine. It,will be under “ black body ” con- 
SSn that the Observation at 789° o! is eliminated by observations 4, 6 , and 7 ditions.. The temperature 
with the nitrate bath. of a carbon tube furnace 


Temperature 
( u abs. C.) 
of Black Body. 

Deflection 

(Reduced). 

fcXlO 10 . 

^eule. 

373-1 

153 

127 

374-0 

492-5 

638 

124 

492-0 

723 

3,320 

124-8 

724-3 

745 

3,810 

126-6 

749-1 

*789 

4,440 

(116-7) 

778-0 

810 

5,150 

121-0 

806-5 

868 

0,910 

123*3 

867*1 

*1092 

16,400 

(115*9) 

1074 

*1112 

17,700 

(110*3) 

1095 

1378 

44,700 

124-2 

1379 

1470 

57,400 

123-1 

1408 

1497 

60,600 

120-9 

1488 

1535 

67,800 

122-3 

1531 


Between 100° G. and 1000° C. the deviations 
of the calculated from the observed tempera¬ 
tures are small, of the order of 3°, and exhibit 
no systematic variation. Between 1000° 0. 
and 1360° C. the discrepancies are greater, and 
the observed values are systematically larger 
than the calculated. It should he remembered, 
however, that their temperature scale is based 
on the gas thermometer work of Holborn and 
Day, and this extended to 1150° 0. only. 
Beyond this point the values are based on 
extrapolation of the E.M.F. temperature curves 
of thermocouples, a procedure which has since 


could then be maintained at those two tem¬ 
peratures by observations with the optical 
pyrometer, which merely served as a transfer 
instrument. The apparatus for verifying the 
fourth-power law is shown in Fig. 4. 

The black body ” is the graphite tube T, 
30 cm. long, 14 mm. inside diam., and 3 mm. 
wall thickness. A graphite diaphragm G is 
placed 1 cm. from the centre, the left-hand 
segment being used as “ black body.” Iho 
coaxial tubes H and K are merely to reduce 
the heat loss by radiation, eto. 

The apparatus was water-cooled.; the total 



been shown to lead to erroneous results. Up 
to 1100° 0. it is probable that the temperature 
scale of Day and Holborn is reliable to about 3°. 
Consequently Lummer and Pringsheim’s experi¬ 
ments establish the validity of the fourth-power 


radiation thermopile P being protected from 
stray radiation by water-cooled diaphragms, 
whiio a movable water-cooled shutter Q, con¬ 
tained the limiting aperture. The geometry 
of the apparatus was so arranged that radia- 
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tion from the graphite diaphragm G alone 
entered the thermopile. A motor M, movable 
by means of a rod V, carried a sector S of 
definite aperture on its shaft. By a move¬ 
ment of the rod the motor could be swung 
up and the rotating sector placed in front 
of the thermopile so that the radiation from 
the furnace was reduced in a known ratio, 
depending on the clear aperture of the sector. 

The thermopile consisted of a single Bi->Sb 
and Sb-Cd alloys couple, the “ hot ” junction 
being soldered to a very light receiving disc 
of silver foil 3 mm. in diameter, a similar 
disc being attached to each cold junction, 
where the alloys joined copper leads. The 
silver disc u hot 55 junction was blackened with 
acetylene smoke and mounted at the centre of a 
hemispherical concave mirror, so as to make the 
absorption as perfect as possible. .Che thermo¬ 
couple was directly connected with a low-resist¬ 
ance galvanometer, a resistance box being 
connected in series to control the sensibility. 

Special attention was given to the elimination 
of any possible error due to absorption of radia¬ 
tion by the gases inside the furnace. With a 
hot object, such as graphite, it is impossible to 
obtain a perfect vacuum, and fluctuations of 
pressure would have had a serious influence 
on the sensibility of the thermopile. 

During the observations a steady pressure 
(from 5 to 15 mm. of mercury) was main¬ 
tained in the apparatus by controlling a valve 
governing the nitrogen supply; the pressure 
could be maintained constant within 0-2 mm. 
by careful regulation; a Fluess and Gaedc 
pump steadily exhausting at the other end. 

To ascertain whether the residual gas exerted 
appreciable absorption on the radiation, 
samples were drawn off from time to time to 
a side tube and the deflections of an auxiliary 
thermopile read with and without the gas, 
employing a Nernst filament as radiator; the 
authors claim that they could detect such 
effect if it amounted to -V per cent, 

§ (S) Theory oe the Sectored Disc.—T he 
object of a sectored disc is to cut down the 
radiation by a definite fraction so that the 
same galvanometer deflection is obtained for 
two different temperatures of the radiator or 
“ black body.” 

Suppose the deflection x is obtained when 
radiation from an object at absolute tempera¬ 
ture T x is received through a clear aperture 
sector, and the same deflection obtained for 
temperature T a with a rotating sector having 
transmission ratio R (where R< 1). Then, if 
A denote the area of the disc, 

x ~ /cAT I 4 for the first condition, 
and x = /iRAT 2 4 for the second condition. 

Hence T 1 4 =RT 2 4 or T 2 = -ji- 

In practice it was found impossible to bring 


the two deflections to absolutely the same 
value, consequently it was assumed that the 
deflections were proportional to the total 
energy in the two cases. 

The aperture in the sector was cut in the 
ratio [1336/1822] 4 , where 1336 is the melting- 
point of gold and 1822 the melting-point of 
palladium, in absolute temperatures. 

Consequently, the ratio of the galvanometer 
deflections at these two temperatures, if the 
fourth-power law was obeyed, should bo unity. 

From twelve comparisons the observed mean . 
value was 1-001. The maximum value of the 
ratio found was T007 and the minimum 0-998. 
Afew typical observations are shown in Tabic II. 


Table II 


Deflection 
at 1003° C. 

Deflection at 

1540” 11, with 
Sectored Aperture. 

Untie 
Column 2 
to Column 1. 

29-28 

29-33 

1 -002 

29-08 

29-17 

1-003 

■ 29-33 

29-33 

1-000 

28-29 

28-27 

0-999 

28-27 

28-25 

0-999 


Mean . 

. . 1-001 


This indicates an agreement well within the 
possible limits of experimental error of ±0-5 
per cent at each of the two temperatures. 

All the experimental evidence available 
supports the conclusion that the Stefan-, 
Boltzmann law is valid over the entire tem¬ 
perature range covered by the gas thermo¬ 
meter. It may therefore bo employed with, 
confidence, in view of its plausible theoretical 
foundation, as the basis of methods for the 
evaluation of high temperatures. 

I. Total Radiation Pyrometers 
Pyrometers based on the fourth -power law 
for the measurement of high temperatures are 
merely thermopiles so arranged that the instru¬ 
ments are (1) direct reading, (2) robust, (3) 
quick in action, and (4) designed to render the 
readings independent of the distance between 
pyrometer and hot body, within certain limits. 

§ (6) Fury’s Telescope Pyrometer.— -Fery 
appears to have been the first to evolve a 
practical form of pyrometer based on the 
Stefan-Boltzmann law, and capable of measur¬ 
ing temperatures between 500° 0. and 1500° C. 

In the early types the instrument consisted 
of a telescope having a minute thermocouple 
connected to a sensitive portable galvanometer. 
The hot junction and the source of radiation 
were brought to the conjugate foci of the Ions 
by focussing in the usual manner. ^ 

The difficulty with this type was the lens, 
which had to ho transparent for both the 
visible and the infra-red. 
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Fluorite was found satisfactory for tempera¬ 
tures above 900° 0 ., since it possesses a nearly 
constant coefficient of absorption throughout 
the spectrum. The indications of the instru¬ 
ment, however, did not follow the fourth-power 
law owing to the fact that fluorite has an 
absorption in the infra-red at about 
6 /x, and is not transparent for wave¬ 
lengths greater than 10 /x. 

For industrial work 
fluorite was too costly, 
so glass was employed 
and the instrument 
calibrated empirically 
over theworking range. 

The ordinary varieties 
of glass are opaque for 
wave - lengths greater 
than 2 /x. 

§ (7) Fury’s Mirror 
Pyrometer. — These 
difficulties were 
avoided by the use of 
a concave mirror to 
collect the radiation. 

Fig. 5 represents a modern type 
of instrument. The mirror 0 is 
capable of being racked backwards 
and forwards to focus the radiation on the 
thermocouple receiver at N, in front of which 
is a limiting diaphragm. The cold junctions 
of the couple are shielded from radiation by 
a tongue and a box M surrounding both the 


diaphragm immediately in front of the 
couple. Then, unless the image of a straight 
line viewed through E is exactly in the same 
plane as the two inclined mirrors, it will 
appear broken at the plane of intersection 
of these mirrors. Fig. 6 illustrates the paths 



Out of focus image shown on exaggerated seale 
Fig. 0. 

of the rays producing the distorted images. 
The observer moves the concave mirror 
until the relative displacement of the two 
halves of the image disappears ; an operation 
within the capacity of a workman. 

In t.bn F-nrlinr forms of this instrument the 



couple and the inclined mirrors immediately 
in front of the thermocouple receiver. 

To enable the observer to focus the radia¬ 
tion accurately on to the hot junction, F6ry 
employs an ingenious device. Two semi¬ 
circular mirrors, inclined to one another at an 
angle of 5° to 10°, are mounted in the thermo¬ 
couple box, an opening of about 1-5 mm. at 
the centre of the mirrors forming the limiting 


concave mirror C was of glass silvered on the 
back. Since glass is a very good reflector 
of the infra-red, the heat rays were reflected, 
in part from the front air-glass surface and 
in part from the back glass-silver surface. 
The two groups of rays were brought to 
the same focal point by making the radii of 
curvature of the two surfaces slightly different. 
If, however, the thickness of the glass is small, 
1 to 2 mm., the same radius of curvature 
can be used for the two surfaces without 
appreciable error. 

Later instruments have a glass mirror with 
a gold deposit on the front surface, others 
gold or nickel on copper. 

(i.) Independence of Distance .—So long as 
the hot object formed by the concave mirror 
is sufficiently large to overlap the limiting 
diaphragm immediately in front of the 
sensitive thermoelement, then it is the in¬ 
tensity of the heat image and not the total 
heat reflected that is measured by the instru¬ 
ment. Now it can be easily shown that 
theoretically at least this intensity is. in¬ 
dependent of the distance from the hot object. 
If, for example, the distance betweejx''**' 
instrument and the hot object 
then the total amount of heaU^ 

the concave mirror is reducedbf®*®] lcay P *™j rror ’ 
>pu:C6 tio mirror. 
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but the area which the image covers is 
simultaneously reduced to one - fourth, so 
that the actual heat intensity of the image 
remains constant. 

(ii.) Relation between, Size of Object and the 
Distance for the Fery Type of Pyrometer —It 
is a simple matter to calculate the minimum 
size of object required by the geometry of 
the Fery optical system. 

The relation between the size of. object 
and image formed by a concave mirror is 
0 =I(u/f- 1), where 0 is the diameter of the 
object, I that of the image, u the distance from 
the object to the mirror, / the focal length. 

For the ordinary type of Fery pyrometer 
the aperture in the diaphragm in front of the 
receiving disc is about 1'5 mm. diametei’, / 
the focal length about 7-6 cm. 

The table below, due to Burgess and Foote, 
gives the size of source for various distances, 
assuming the above data. 


Table III 


u (Cm.). 

Diameter Source (Cm.). 

70 

1-2 

80 

14 

100 

1-8 

150 

34 

200 

4-2 

300 

6-3 

500 

10-7 


§ (8) Fery “ Spiral ” Pyrometer.— The 
construction of this instrument resembles that 
of the thermoelectric type, except that the 
couple is replaced by a bimetallic spring 
spiral (Fig. 7) carrying an aluminium pointer 



P, which is moved over a dial D, graduated in 
degrees centigrade, under the influence of the 
differential expansion and uncoiling of the 
spring when radiation is concentrated upon it. 
cJm some of the instruments the spring is 
' -llic, the thermal expansion coefficient 
Hence '"^mediate metal being itself inter- 
" -1 of the two o uter metals. Thus, 
In practice it w^d invar have been employed. 


The spiral is similar to that used in. the metallic 
thermometer of Breguet, A strip 0-02 mm. 
thick and 2 mm. wide is coiled by several 
turns into a spiral 2 mm. in diameter. Iho 
centre of the spiral is connected by a shank to 
a small disc, and on this disc is usually mounted 
the pointer. (In Fig. 7 a slightly different 
mounting is shown. The shank is fixed and 
the pointer is mounted at the other end of 
the spiral.) Usually a mirror is planed 
behind the spiral so that the radiation which 
passes through and between the turns of the 
spiral is reflected hack upon it. 

It is of interest to consider the method or 
spacing of the temperature scale engraved 
on the instrument. Suppose that the scale 
is first spaced linearly or in terms oi angular 
deflection of the pointer : 

Let d — angular deflection, 

T 0 =absolute temperature of spiral, 

T=absolute temperature of furnace, 

E = energy falling upon spiral. 

The angular deflection of the pointer is 
approximately proportional, to the temperature 
of the spiral; the temperature of the spiral 
is approximately proportional to the . energy 
absorbed by it; this energy is approximately 
proportional to the fourth power of the 
absolute temperature of the furnace ; or 
cZccT 0 ocEocTh 
Hence d ~ const. T*. 

Hence, determining the deflection corre¬ 
sponding to any one furnace temperature fixes 
the constant in the above relation and permits 
the computation of the temperature corre¬ 
sponding to all other deflections. 

Actually, the pyrometer does not exactly 
follow the fourth-power law but rather the 
relation 

d~FV\ 

where b is an empirical constant slightly 
different from 4. If a calibration is made 
at a number of different temperatures, the 
exponent b may bo determined from the slope 
of the best straight line drawn, through the 
observations, plotting log d against log T. The 
spiral pyrometer has an especial advantage 
in being self-contained, requiring no accessories 
such as lead wires, galvanometer, etc., but its 
accuracy is not equal to that of the thermo¬ 
electric instruments. The readings depend 
somewhat upon .the position in which the 
pyrometer is hold and upon the previous 
condition of the instrument. For example, 
tilting the case to the right or left alters the 
reading, and slightly different readings may bo 
expected when (1) the pyrometer has been 
sighted upon a source at a higher temperature 
immediately before taking a certain reading, 
and (2) when the initial source sighted upon 
was at a lower temperature. 
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§ (9) Extension of the Temperature 
Range by the Use of Diaphragms. —Eery 
instruments are often provided with a second 
scale extending over a higher range of tem¬ 
perature. This is effected by the addition of 
a sector diaphragm over the front of the 
pyrometer, which cuts down the radiation by 
a definite fraction. Whilst theoretically the 
“ law” of the instrument should be unaffected, 
by the addition of tire diaphragm, it is generally 
found that the index is not exactly the same 
with and without the diaphragm. The change 
is probably due to secondary radiation from 
the heated diaphragm, and also to change in 
the distribution of the air currents within the 
case, caused by the presence of the diaphragm. 
The extrapolation of the scale temperature is 
in practice effected by assuming the validity 
of the “ law ” of the instrument as determined 
by the experiments over the range of tempera¬ 
ture measurable with thermoelements. 

§ (10) The Foster Fixed-focus Pyro¬ 
meter.— The construction of this pyrometer 
will be understood from Fig. 8. 

The receiving disc on the couple and the 
front diaphragm of the pyrometer are located 


tion along the sides of the conical mirror 
the radiation is finally concentrated upon the 
hot junction of the couple. The Thwing 
instrument is so constructed that the source 
must have a diameter at least one-eighth of 
the distance from the source to the receiving 
tube; thus, at 8 feet (2-4 m.) from a furnace 
the source must lie 1 foot (0-3 m.) in diameter. 

For permanent installations, the tube is 
ventilated and has several extra diaphragms 
to prevent the local heating of the instrument 
and stray radiation reaching the couple. 

§ (12) Whipple Closed Tube Pyrometer.— 
Whipple lias introduced a modification of the 
Eery pyrometer. In this type a closed tube 
of salamander or fireclay is inserted into the 
furnace or molten metal, and the radiation 
from the hot end focussed on a minute 
thermocouple; tho instrument being of the 
fixed focus type. 

For taking temperatures of molten metals, 
the radiation from which departs considerably 
from full radiation, and for furnaces with a 
smoky atmosphere, this form of pyrometer 
has proved to bo of service. The drawback 
of this typo for very high temperature work 
is tho impossibility of 
obtaining an imperme- 
| able tube, and should 
J|m oil, vapour, or fumes 
/Traf pass into tho interior it 
1 would seriously vitiate 

Connection to indicator the results. 

8 /1 ‘II ITsim nw a R.adta- 


at the conjugate foci of the mirror. Then, 
so long as the cone AOB is filled by the 
radiation from the hot object, the readings are 
independent of the distance. The position 
of the point 0 is marked by the wing nut on 
the telescope tube. The angle is made such 
that the diameter of the source sighted upon 
must bo at least one-tenth (or in some in¬ 
struments one-eighth) the distance from the 
source to the wing nut. 

§ (11) Thwing Radiation Pyrometer.— 
The Thwing pyrometer (Fig. 9) is somewhat 



<D 

Arrangement of thermoelement 
and cone 

kUi. 9. 

similar to'the Foster, but has a cone instead 
of a concave mirror. Tho receiving diso of 
the couple is situated at tho apex. Radiation 
from the furnace enters the diaphragm and 
falls upon the hollow conical mirror. Tho 
hot junction of a minute thermocouple is 
located at the apex of the cone, and the cold 
junctions are ’ outside. By multiple reflec- 


tion Pyrometer with a Source of Insuf¬ 
ficient Size. —It is sometimes necessary to 
use a radiation pyrometer at such a distance 
from a small source that the aperture of the 
instrument is not completely filled. 

Thus, with tho Eery pyrometer, tho imago 
of tho source formed at the receiver may be 
smaller than the limiting diaphragm immedi¬ 
ately before the couple. The most satisfactory 
method of using the radiation pyrometer 
under such conditions is to construct a new 
limiting diaphragm of the propor size and 
recalibrate the pyrometer, sighting upon a 
black body. Another method which may be 
employed with small sources is to compute 1 
the actual size of the imago found at the 
receiver and correct tho observed deflection, 
making use of tho assumption that tho 
galvanometer deflection is proportional to the 
area of tho imago as long as the image is 
smaller than the limiting diaphragm. Thus, 
if the area of tho opening to the receiver of 
tho Eery pyrometer were 1 mm. 2 , and the area 



where 0 is the diameter of the source. 

X is the diameter of the image., 

/ is tho focal length of the concave mirror, 
u is the distance from source to mirror. 
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of the image of the source formed by :he gold 
mirror were 0-5 mm. a , the correct temperature 

would he given by the value corresponding 

a deflection twice that of the actually 
observed deflection. Errors due to aberrations 
of the gold mirror will affect the measurements 

to some extent. mofhnrl of 

As a rough check upon this method o 
using a Eery pyrometer Burgess and .1 ^ 

mi rip the following measurements . the area 
of image required l»y the. ™ 

1-77 mm. The source remamedatappio 
matelv a constant temperature 1260 0., ami 
its size was altered by means of water-cooled 
diaphragms. ___ 


mm ^***»«*?<* ■*“' 

has an appreciable iniluonot. mirrors 

IfA The thermocouple and inclined nu ion 

are enclosed in a small cell. Stray ic ec. U)n 
it walls falling on the receiving disc 

'iSS l.« f»... the lunation i» 

not" strictly proportional to itn ton.perature 

eX Sr'r ( ,nduction of heat along the couple 
J£t£££?** “Wet-e rite » the 

“w'StStion there one vnri„„» errom k. 
which the millivoltmotor readings am habit.. 

| Occasionally one finds that an mstiument 


Area 

of Image. 


Observed 

E.M.F. 


Millivolts. 

1 - 04 

2 - 33 
2-78 

4 - 32 

5 - 64 


Area of Receiver 
“Aria of Image - ' 


Observed 
E.M.F.x Ratio 
of Areas. 


Temperature 

computed. 


The above-computed temperatures have a v 

■ 

obtained by replacing the bunting , 

with one of smaller opening and then recall 

hratmv the instrument. 

8 (14) Sources of Error in Practical 
Forms of Radiation Pyrometers.. Since the 
ideal radiation pyrometer would galvano¬ 
meter deflections proportional to tl e nten81 ^ 
of the radiation emitted by the hot object 
and hence the difference in the fourth powera 
of the absolute temperatures, a calibration 
at one temperature would be sufficient to 
supply all the data necessary for the computa¬ 
tion of the temperature scale. When T is 
large compared with T 0 , the deflections should 
be proportional to T 4 (T 0 4 being negligible).^ 
It is generally found, however, that the 
index is not 4, hut varies between the limits 
3-8 to 4-2 for various instruments. 

In any particular case the value, of the 
index may he obtained by plotting the 
logarithms of the deflections and temperatures. 
The experimental points will in general he 
found to lie on a straight line. 

Many factors contribute to produce varia¬ 
tions in the value of the index from 4. 

i a ) The electromotive force generated by 
the thermocouple is not strictly proportional 
to the temperature difference between the 
hot and cold junctions. When the rise m 
' temperature of the receiving disc above the 


will follow the fourth-power law with consider.- 
able exactitude. This is to be ascribed to 
the fact that the small residual wlleots 
accidentally neutralise each other h influence, 
rather tluui to theoretical perfection of design. 

The other characteristics of prae.tu.al types 
of radiation pyrometers which ^'< 7 

in the case of each individual mstinmoiit 


“(LI Absence of “ Auf/.’V-So that the final 
reading is quickly altaiueu. # vvn 
ally an infinite time is required to Hath t 
equilibrium state when the receiving m i 
emits as much heat as it receives , most 
practical types reach the steady jtato fe a 
minute or so. The time interval required 
depends, of course, on the individual |»ym- 

m< Occasionally a maximum reading will tio 
quickly reached and then it begins to « W 
the final value only homg reached aft r 
fifteen to twenty minutes.- Hus anmna mm 
I behaviour is generally due to tonihietuui 
along the wires of the couple and in seen da y 
radiation from the sides of the cell and tin. 

^ Such an instrument, must he calibrated under 
the same conditions as it is to he used m 

piactica ^ ^ 0 f j m ag<»,.-*-l t is necessary 

to ascertain how far the indications are in¬ 
dependent of the distance from the source U > 
pyrometer and independent of the sr/,o of tno 
souroe when this is above the minimum snw 
required by the geometry of the instrument’. 
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The dependence of the indications on the size 
of the image is probably the most serious 
source of error inherent to practical types of 
radiation pyrometers, and can only be over¬ 
come by careful construction and arrangement 
of the mechanical parts of the instrument. 
Burgess and Foote studied the effect of varia¬ 
tion in the size of the hot object and the 
focussing distance on commercial types of total 
radiation pyrometers. 

In the geometrical theory of the Fery 
pyrometer it is assumed that the source is of 
a size sufficient for its image to cover the 
thermocouple receiver or the limiting dia¬ 
phragm immediately in front of the receiver. 
Usually this limiting diaphragm is the hole in 
the focussing mirrors in front of the thermo¬ 
couple. As long as this opening is covered 
by the image of the source, one might expect 
that the reading of the pyrometer would be 
independent of distance or size of source. Their 
experiments, however, show that, in general, 
the reading of the pyrometer decreases with 
increasing focussing distance and with decreas¬ 
ing size of source, even though the image of 
the source alw r ays covers the receiver; some 
instruments show this effect much more 
markedly than others. It is even possible to 
obtain a positive reading, as shown by Kanolt, 
when the pyrometer is sighted on a hole in 
a heated surface, although the image of the 
hole covers the opening to the thermocouple 
receiver. The cause of this effect is best 
determined from a consideration of the size of 
the image of the source. 

Errors which are surprisingly big in magni¬ 
tude, and which completely outclass those 
resulting from other causes, may arise in the 
variation of the size of the image produced by 
the pyrometer. The size of the image may 
be altered by (a) varying the focussing distance, 
the size of the source remaining constant, and 
(b) by varying the size of the source, the 
focussing distance remaining constant. 

• In the study of these effects they employed 
a large nickel strip as the radiator, in front of 
which, at a distance of 1 or 2 cm., was placed 
diaphragms of various openings. By water 
cooling, the temperature of the diaphragms 
was maintained at about that of the room, so 
that there Avas no effect of radiation from 
them, and the thoroughly blackened surface 
of the diaphragms absorbed practically all the 
heat falling upon it, hence the radiation loss 
from the surface of the heated strip behind 
the diaphragm was the same as that from the 
exposed surface of the strip. Consequently 
there was no variation in either the apparent 
or true temperature of the strip when the size 
of the diaphragm opening was changed. Ex¬ 
cept for very close distances from the pyrometer 
to the strip, the diaphragm openings acted as 
the real source of the radiation. In this 


maimer five sizes of the radiating source were 
obtained, circular areas having diameters of 
1-95, 3-5, 5-6, 8-5, and 12 cm. 

The pyrometer Avas mounted upon a carriago 
which rolled on parallel tracks similar to an 
ordinary photometer bench. The strip and 
water-cooled diaphragms were properly ad¬ 
justed. at one end of the bench, and the 
apparatus aligned so that the image of the 
diaphragm opening employed Avas always 
centred, upon the pyrometer receiver for all 
focussing distances (usually 80 to 300 cm.). 
Curve A, Fig. 10, represents the variation in 
E.M.F., with the diameter of the imago of a 
uniform temperature source for a Fery pyro¬ 
meter which showed the effect of these errors 
in a marked degree. 

This particular pyrometer had focussing 



Diameter of image in cm. 


Fig. 10. 

surface; the opening in these mirrors, which 
formed the limiting diaphragm, was 1*6 mm. 
in diameter. A 0-0 cm. diaphragm was located 
immediately in front of the focussing mirrors, 
and the inside diameter of the thermocouple 
box was 1 • 1 cm. In the present case the diameter 
of the image was varied from 008 to 0-9 cm. 
by employing sources of diameters 2 to 11 cm. 
at focal distances of 70 to 250 cm. In the 
section ab of tire curve .the image was not 
large enough to cover the 0-15 opening in the 
focussing mirrors. For this range the E.M.F. 
is approximately proportional to the area of 
the image or to the (diameter) 2 , so that AB 
is a parabola. If the focussing mirrors formed 
a perfect diaphragm, completely shutting out 
all radiation except that passing through the 
’ opening, the point b would represent a maxi¬ 
mum reading, and the curve would continue 
horizontally along the line be. Actually the 
E.M.F. increases up to the point e, where the 
image has a diameter of about 1-1 cm., the 
inside diameter of the thermocouple box, 
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although for all points from b to e the size of 
the image was sufficient to cover the receiver. 
The large increase along be is clue to the 
heating of the silvered glass focussing-mirrors, 
and the amount of this heating increases with 
the size of image, until the image completely 
fills the inside of the thermocouple box. This 
heat is communicated to the thermocouple by 
radiation and by convection currents set up 
within the receiver. The errors in measure¬ 
ment resulting from variations in size of image 
are readily apparent. For example, suppose 
the instrument were calibrated by sighting at 
150 cm. distance upon a black body having 
an opening of 3 cm., and v/ere used for the 
measurement of the temperature of a source 
11 cm. in diameter at a distance of 100 cm. 

In the first case the image diameter is about 
0-15 cm. and in the latter 0-9 cm., correspond¬ 
ing on the curve to the points b and e respect¬ 
ively. The E.M.F. at e is 227 per cent of 
that of b, so that as used the instrument would 
indicate E.M.F.’s in error by 127 per cent. 
Suppose this instrument obeys the law E = «T 4 , 
then by differentiation 

5E— 5T 
E T ’ 

which states that the fractional error in the 
absolute temperature is one-fourth the frac¬ 
tional error in E.M.F. Hence an error of 
127 per cent in E.M.F. is equivalent to an 
'error 32 per cent in the absolute temperature. 
Thus, for a source of 11 cm. diameter, 100 cm. 
distance, and at a temperature of 1500° 0., 
this pyrometer would read about 2070° C., or 
a temperature too high by 570° 0. 

The example cited is an extreme case, and 
the variation of E.M.F. with diameter of the 
image was greater for this instrument than 
for any other examined by Burgess and Foote. 
Actually, a pyrometer would not bo calibrated 
with the minimum-sized image required by 
the optics of the instrument. It is rather 
difficult to centre such an image, so that 
usually the image is made large enough to 
overlap the opening of the receiver. Probably 
an image diameter of approximately 04 cm. 
is more often employed in calibration, and, in 
general use, the variation in image diameter 
may be of from 0-2 to 1-1 cm. Thus calibrated, 
this pyrometer would indicate E.M.F.’s too 
small by 32 per cent when the smaller image 
is used, and too great by 17 per cent with the 
larger image. 

Curves B and C illustrate the variations of 
E.M.F. with image diameter for two other 
Fery pyrometers. The size of image was' 
varied by both altering the size of the source 
and of the focussing distance. The fact that 
the points obtained by either method coincide 
equally well with the curve precludes the 
possibility of any experimental errors, such as 


temperature gradient across the nickel strip 
used as a source, or the change in temperature 
of the strip due to the use of various sized 
diaphragms. It also indicates that the error 
due to the atmospheric absorption is small, at 
least in comparison with errors involved in 
the heating of the focussing mirrors. These 
curves represent the behaviour of the two best 
acting pyrometers examined. In the case of 
B, the E.M.F. for 14 cm. imago is 133 per 
cent of that obtained with an image of 0-15 cm., 
the diameter of the limiting diaphragm in 
front of the receiver, and for C this relation is 
162 per cent. If these instruments wore cali¬ 
brated with an image diameter of 04 cm., the 
E.M.F. developed by B would be too great by 
2 per cent for a 14 cm. image and too small 
by 11 per cent for a 02 cm. image, and by C, 
too great by 2 per cent for the larger image 
and too small by IS per cent for the smaller 
image, with errors pf one-fourth, these per¬ 
centages when referred to absolute tempera¬ 
tures. 

Pyrometer B had a metal diaphragm located 
between the silver glass focussing mirrors and 
the receiver, while in 0 this diaphragm was 
absent, but the focussing mirrors wore of gold- 
plated sheet-copper. These two instruments 
show a smaller effect of variation in size of 
image than does pyrometer A, for the reason 
that the metal diaphragm in B and the copper 
mirrors in 0 were good heat conductors, in 
contrast with the glass mirror diaphragm of 
A, and allowed part of the heat to ho carried 
to the walls of the thermocouple box, whore it 
was dissipated by radiation and convection on 
the outside, away from the thermocouple. 

The fact that all three curves are asymptotic 
to constant values proves that this type of 
pyrometer should be calibrated and used on 
objects giving images much larger than the 
minimum specified by the theory of the in¬ 
strument. 

(iii.) Summary of Focussing Errors for a Fery 
Pyrometer .—The principal error results from a 
variation in the size of the imago of the. 
source formed by the largo condensing mirror, 
and is due to the heating of the limiting 
diaphragm or the focussing mirrors immediately 
in front of the thermocouple receiver. The 
amount of this heating increases with increas¬ 
ing size of image. On account of this fact, 
the pyrometer roadnags for a source of constant 
size decrease with increasing focussing distance; 
and for a constant focussing distance the read¬ 
ings inci’ease with increasing size of source. 
With ordinary use of this pyrometer, errors oJ; 
this type may amount to several hundred 
degrees in extreme oases, and, in general, to 
50° or more, unless certain specified methods 
of procedure are employed; for example, thn 
use of an image of a definite size for every 
measurement. 
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Tiie following table presents a summary 
of the various errors, the magnitudes of which 
depend upon the focussing distance: 


Table IV 

Ejotct upon the Pyrometer Reading oe 

INCREASING THE FOCUSSING DISTANCE 


Reading increases on 
Account of 

Reading decreases on 
Account of 

1. Variable aperture. 

2. Shading of concave 

mirror by thermo¬ 
couple box. 

1. Atmospheric absorp¬ 

tion. 

2. Convection currents 

from source to re¬ 
ceiver. 

3. Stray reflection in 

receiver and tele- 
soopo tube. 

4. Roradiation to couple 

from side walls of 
pyrometer. 

5. Imago of source be¬ 

coming smaller. 


With the Foster iixed focus the principal 
source of the error is secondary radiation 
from the side walls and diaphragms of the 
front part of the pyrometer tube to the 
thermocouple receiver, and stray reflection 
from the side walls. 

(iv.) Effect of Dirt and Oxidation upon the 
Condensing Device.— It has been found that a 
slight film of oxide on the surface of the 
concave mirror of the Fcry or Foster radiation 
pyrometers does not seriously alter the amount 
of radiation reflected, which amounts to about 
96 per cent of the incident energy, as the 
greater part of the radiation exists in the form 
of long wave-lengths, which the tarnished 
mirrors reflect without difficulty. This experi¬ 
mental fact has frequently been misunder¬ 
stood and the impression obtained that in 
spite of dirt accumulation, stains, and. scratches 
the gold surface remains unchanged in its 
reflecting power; such is not the case. Pyro¬ 
meters subjected to severe use in the industries 
soon become coated with dust and dirt, and 
errors of 100° G. are not unusual when the 
mirrors become dirty. The instruments will, 
of course, read low. 

In exceptional cases the front of the pyro¬ 
meter is covered by a sheet of glass so as to 
prevent the access of dust and fumes into the 
interior of the pyrometer. The glass reduces 
the sensitivity of the instrument very con¬ 
siderably owing to absorption, and experi¬ 
ments show that the variation of the E.M.F. 
is generally nearly proportional to the fifth 
power of the absolute temperature. 

§ (15) Advantages and Disadvantages op 
the Total Radiation , Pyrometer as com¬ 
pared with the Optical Type. —The total 
radiation pyrometer lias the advantage over 


the optical type, insomuch that it is direct 
reading. There is no necessity for the observer 
to judge equal intensities as is the case with 
optical pyrometers. A total radiation pyro¬ 
meter can be coupled up to a recorder of the 
type employed with thermoelements and a 
continuous record of temperatures obtained. 

It is also applicable to lower temperatures 
than can he measured with the optical type. 
On the other hand, departure from black body 
conditions or the presence of C0 2 or water 
vapour causes greater errors in the reading of 
the total radiation type than in the case of the 
optical. 

§ (16) Calibration op Radiation Pyro¬ 
meters. —Instruments are generally calibrated 
by comparison' with a standard instrument 
over the range 500° to 1400° C. A uniformly 
heated muffle forms a convenient source of 
radiation closely approximating to a full 
radiator. 

The standard instrument requires more 
elaborate study. For this purpose a • large 
platinum foil wound electric furnace is con¬ 
venient ; this should he provided with 
suitably disposed diaphragms, and the pyro¬ 
meter focussed on a plug of refractory material 
fixed in the centre of tho furnace. Across the 
face of this plug one or more platinum- 
rhodium couples should ho stretched, so that 
tho mean temperature of the surface is 
obtained with accuracy. 

To obtain a cone of radiation of sufficient 
size to fill the field of the pyrometer it is 
advisable to employ a furnace with an aperture 
of over three inches in diameter. 

At high temperatures a considerable amount 
of cooling takes place by convection from the 
open mouth of a horizontal furnace. Some 
improvement can bo effected by inclining 
the mouth downwards at an angle of 20° to 
30°, but for the steadiness of temperature and 
for economy a vortical arrangement of the 
furnace, opening downwards, is the most 
satisfactory. 

For temperatures up to 1100° G. the furnace 
can bo wound with “ niohrome ” or similar 
alloy tape about 1 cm. wide by 1 mm. thick. 

For higher temperatures up to 1100° G. it 
is nocossary to employ platinum foil, since the 
life of a nickel-chromium alloy winding is only 
a few hours at a temperature of 1300° C. 

(i.) Computation of Calibration Data. —The 
thermoelectric type of radiation pyrometer 
obeys tho relation E -~a(T. h - T 0 b ), where E 
is tho E.M.F. developed when the pyrometer 
is sighted on a. black body at an absolute 
temperature T, the temperature of the receiver 
being T„, and a and b are empirical constants. 
In general, T 0 6 is negligible in comparison with 
T\ so that one may write E = aT b . The 
constants a and b must bo determined for each 
instrument. 

2 X 
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Although two calibration points serve to 
determine a and b, observations are usually i 
made at five or more different temperatures, 1 
and the. best curve is drawn through all the 1 
points. Since an exponential curve of the ■ 
correct form is difficult to adjust graphically, f 
the curve is rectified into a straight line by i 
plotting log E in terms of log T. ; 

Thus, expressed in logarithmic form, the 
equation for the pyrometer becomes 1 

log E=log a + b log T, 

which is a linear relation between log E and 
log T, the slope for the straight line deter¬ 
mining the constant b. 

(ii.) Calibration by Sighting on a Heated 
Strip .—The standardisation of a radiation 
pyrometer under black body conditions against 
a thermoelement is a somewhat tedious opera¬ 
tion owing to the time required by the furnace 
in settling to equilibrium. 

When a calibrated instrument is available 
this can be used as working standard and 
other instruments tested by comparison with 
it. For this purpose it is not essential to have 
black body conditions, and any furnace will 
meet the requirements provided the surface 
sighted upon is uniform in temperature. 

The Bureau of Standards has discarded 
the use of a furnace in favour of an electrically 
heated strip. Of the metals available for the 
purpose of making the strip, nickel appears 
to be most satisfactory. When heated in air 
a firm and uniform coat of black nickel oxide 
(NiO) forms on the surface. Such a strip 
can be used almost indefinitely up to 1300° 0. 
and rapid changes of temperature can be 
made from 500° 0. to 1300° C. The cooling 
from 500° to room temperature must be done 
slowly, or flaking of the oxide will occur. 

In the apparatus employed a strip 17 cm. 
long (exposed section), 13 cm. wide, and 0 - 015 
cm. thick is mounted vertically between water- 
cooled brass-clamp' terminals. This is heated 
by an adjustable current (maximum 1500 
amperes) supplied by a low-tension trans¬ 
former. A strip of this size furnishes a source 
of circular area and diameter of 12 cm. which | 
is uniform to within 2° at 1200° C. over its 
entire surface. 

The advantage gained in using a strip 
several centimetres longer than its width is 
marked. The temperature variation across 
the width of the strip is practically nil, the 
main variation occurring along the lower edge. 
Thus, the temperature gradient along a vertical 
section of the strip is not symmetrical, the 
bottom of the strip being cooler for several cm. 
than the top. Using a strip 17 by 13 cm. the 
centre of the 12 cm. uniform temperature area 
is located Off cm. from either side, about 
7-5 cm. from the top, and 9-5 cm. from the 
bottom. 


In the use, of this nickel-oxide source for 
the calibration of pyrometers it is essential 
that the instruments compared be of similar 
type, so that the departure from “ blackness ” 
of the strip will affect each pyrometer in the 
same manner. Large errors would be involved j 
in the comparison of an optical and radiation 
pyrometer by this method unless the observa- ■ 
tions were corrected both for the monochromatic 
and for the total emissivity of nickel oxide. 

§ (17) Total Radiation from Oxide and ; 
Metallic Surfaces. —While muffle furnaces 
and heating chambers employed in the in¬ 
dustries closely approximate to “fullradiators,” 
the surfaces of metallic objects depart con¬ 
siderably from the ideal contemplated by the 
Stefan-Boltzmann law. Consequently, a radia¬ 
tion pyrometer calibrated on a “ full radiator,” 
if employed to take the temperatures of such 
surfaces, will give readings which are too 
low. 

When the surface, is oxidised, the difference 
between the apparent and the real temperature 
will be a function of the condition of the 
surface, and it is difficult to apply a correction 
with any degree of certainty. 

The radiation from some of the commoner 
metals has been investigated with the con¬ 
clusions summarised below. 

§ (18) Definition of the Emissivity of 
a Surface. —At the present time the term 
“ emissivity ” is used to denote the ratio of 
the heat emitted by unit area of the surface , i 
to that emitted by an equal area of a “ full 
radiator ” at the same temperature, and not 
in the older sense of the term, when it denoted 
the heat emitted per unit time divided by the i 
temperature excess of the surface above the 
surroundings. Hence if Q, is the total radia¬ 
tion emitted by the unit area of the surface 
at absolute temperature T to surroundings at i 
temperature T x , and <r is the “ black body ! 
constant, then 

Q = Ecr(T 4 - Tj fl ), 

where E is defined as the emissivity constant j 
for the surface at T. 

In the following brief review of experimental : 
work on the determination of omissivitics 
attention will be confined to those investiga- j 
tions which have been made primarily with a ; 
view to the evaluation of the corrections to 
the total radiation pyrometer readings when ; 
used for taking the temperatures of sueli ; 
materials in the open. 

(i.) Emissivity of Nickel Oxide Surface .— 
Burgess and Foote employed an ordinary Eery 
radiation pyrometer for the measurement of 
the emissivity coefficient. Tiffs pyrometer ; 
, was calibrated to give true temperatures under i 
; black body conditions. 

i Observations were made of the apparent ; 
I temperatures, the corresponding true torn- ; 
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s being obtained by methods described 

denotes the total emissivity of an 
nately non-seleetive, radiating surface 
ite temperature T x , and S the apparent 
tu re observed with the radiation 
;cr, and Q the radiation, then 

Q=s<r(S 4 -T 0 4 ), 

Q = E £ r(T 1 4 -T 0 4 )', 

<r(S 4 - To 1 ) = E£r(T x - T 0 4 ), 

fii _ rp (l 

T71 ■*“ 0 

* U —rp rn 4’ 

X 0 

3 600° C. the term T 0 4 may be neglected, 
pie calculation will show : 

• example, E is about 0-5, the error in 
3 by neglecting T„ would bo only 0-007 
0. and 0-0002 at 1300° C. 

3 the emissivity may be calculated by 
)le expression 



in practical types of radiation pyro- 
ffie index is rarely exactly 4, the above 
on requires slight modification in such 

tg the characteristic exponent of the 
:il relationship between c the E.M.P. 
iperature as b so that 
e = aT 6 , 

q! is the E.M.E. generated when sighted 
bating surface of apparent temperature 
>lute) and true temperature T, 



rtain the true temperatures correspond- 
he apparent temperatures two methods 
vailable which gavo results in close 

'he application of the idea embodied in 
y meldometer, in which tlio molting- 
of microscopic specimens of various 
ices were observed, such as NaCl 
.) ; Na a SO„ (884° C.) ; Au (1063° C.). 
iriments were made to ascertain that 
nperaturo of the strip did not differ 
ably from that of the specimens, 
iy the use of an optical pyrometer 
ted to read true temperatures when 
on such a surface. This pyrometer 
el on the principle of matching the 
j-y of the light from an electric 
ilament with the light from the hot 

pyrometer was calibrated initially for 
radiator ” conditions, and then the 
ire of the nickel oxide surface was 
>d by sighting on the surface of a 


nickel tube, electrically heated, and into a 
small diaphragmed enclosure in the centre of 
the tube. By properly locating the diaphragms 
in the interior of the tube “ black body ” 
conditions could be realised quite satisfactorily. 

Theoretically the experiment might be 
simplified by using the total radiation pyro¬ 
meter directly to sight on the outside of the 
oxidised tube and on the interior: the first 
observation giving the apparent temperature 
while the second would give the true tem¬ 
perature. But, owing to the large aperture 
that would be necessary in comparison with 
that required for an optical pyrometer, this 
method of obtaining the true temperature 
would present practical difficulties. 

It should be remarked, however, that the 
principle employed (of measuring the radiation 
by concentrating it on the thermocouple by 
means of a metallic mirror) is only valid so 
long as coefficient of reflection of the surface 
does not vary with the wave-length. 

This appears to be the case for gold over the 
spectrum range from g to 14 g. 

The variation of emissivity with temperature 
of NiO is given in Table V. while corrections 
to “ apparent ” temperatures are given in 
Table VI. 

Table V 


Toniiioratwo. 

° 0, 

Umtalvily. 

Timiperofcwo, 

0 a 

JimiBHlvlty. 

GOO 

0-54 

3.000 

0-75 

650 

0-59 

1050 

0-78 

700 

0-62 

1100 

0-81 

750 

0-65 

1150 

0*84 

800 

0-08 

1200 

0-80 

850 

0-70 

1250 

0-86 b 

900 

0-72 

1300 

0-8G v 

950 

0-73 




Tabus VI 

CORRECTIONS WHICH MUST BE ADDED TO THE 
Apparent Readings oh Radiation PYRO¬ 
METERS TO GIV-E TRUE TEMPERATURES WHEN, 

sighted on an Oxidised Nickel Subeaoe 


Apparent 
Tempera¬ 
ture, “ O. 

Correction. 

Apparent 
Tempera¬ 
ture, u 0. 

Correction, 

500 

120° 

1000 

75° 

GOO 

no 

1100 

05 

700 

100 

1200 

55 

800 

95 

1250 

50 

900 

85 




(ii.) Iron Oxide .—A knowledge .of the 
'emissivity of iron oxide is of considerable 
importance technically, since it permits of 
correction to the readings of radiation pyro¬ 
meters when taking the temperatures of 
billets, rails, etc. 

Burgess and Foote made observations on 
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the same lines as those described above m 
the case of nickel; in this case, however, 
electrically heated iron tubes of various sizes 
were employed as radiators. 

The results are given in Table VII. 


Table VII 


True 

| Temperature, 

°C. 

Emiasivity. 

Correction to 
Apparent 
Temperature. 

■ --- 

500 

0-85 

30° 

; GOO 

0-85 

30 

700 

0-86 

35 

800 

0-87 

35 

900! 

0-87 

40 

! 1000! 

0-88 

40 

1100! 

0-88 

45 

1200 

0-89 



It is possible to calibrate a total radiation 
pyrometer, to give approximately true tem¬ 
peratures when sighted on an oxide surface 
by inserting a resistance coil in series with 
the indicator when standardising on the 
customary “ black body ” furnace. The value 
of the resistance can be calculated from the 
constants of the instrument. 

(iii.) Temperature Gradient through the Oxide 
Layer. —Iron oxide is a comparatively poor heat 
conductor, consequently it might be expected 
that the true surface temperature would be 
appreciably below that of the body of the 
metal. 

Experiments with a thermocouple inside the 
tube to give the true temperature showed that 
the gradient through the oxide was consider¬ 
able and apparently independent of the size 
of the tube. It would appear that the thickness 
of the oxide layer is automatically rendered 
of the same order of magnitude for different 
times of heating by the flaking off which 
occurs. 

Data obtained by Burgess and Poote con¬ 
cerning this gradient are in good agreement 
with those obtained by Burgess, Crowe, 
Rawdon, and Waltenberg on rail sections, the 
couple being inserted in a small hole drilled 
parallel to the length of the rail and as near 
the oxide as possible. 


Temperature, 

Temperature, 

Inside Layer, ° 0. 

Outside Layer, ° 0. 

610 

600 

715 

700 

820 

800 

930 

900 

1080 

1000 


These results show that any method of 
obtaining the temperature of rails, ingots, etc., 
by observations^ of the surface temperature, 
is liable to serious error unless account is 


taken of the gradient through tho ««.\ide 
film. 

(iv.) Emissivity of Molten Metals, . r I ho 

radiation pyrometer is of very limited u.mo with 
molten metal .surfaces. Such mirfuceo run 
never be freed from haze or fog, and (hr 
radiation from tho walls of the funut.ro <o 
crucible reflected at tho molten surfaee is apt 
to produce serious errors. 

Burgess has made some observation!! m» 
the difference between the apparent and rrul 
temperatures in tho case of metallic ropprr 
and cuprous oxide surfaces, using a. I'Yry 
pyrometer. 

Tho following relationships were found fi» 
he approximately true. In these equations t 
is tho true temperature centigrade and the 
apparent. 

Molten copper, clear surface-— 

*=3-6n«~ .1018; 

Surface covered by cuprous oxide.. 

«=*l'41w- 16!). 

The difference between the apparent, 
temperatures—when the pyrometer was first, 
sighted on the clear copper surface mid then 
on the oxide surface, both being at the same 
temperature—amounted to as much as Aon 

The apparent freezing-point of copper (clear 
surface) was found to ho 600" t!. compared 
with the true value of I OS,A" C. 

The omissivities of the two surfaers at 
various temperatures are given in Table VIIL 


Table VIIf 


Teuiiiornturu, 

Hmisdlvlty 

Twmmrulitrii, 


° 0. 

(Mullein Hippur). 

"<!. 

(l*ujtVtum iHiili-,, j 

1075 

Odd 

800 

ouiO ] 

1125 

(>•15 

000 

(MM) j 

1175 

0-15 

1(100 

IKW ! 

1225 

0-14 

1100 

()•;.( i 

1275 

0-13 

•• 

\ 


Thwing has made some observations on t he 
omissivities of both molten iron ami molten 
copper relative to that of Iron in the solid 
state (presumably oxidised). No details am 
given concerning tho experiments, lie slat oh 
that molten cast iron at J ;»')(>“ Cl. to Moire, 
has an emisaivity of 02!) that of the solid 
metal. Mild steel (molten) at I (»()<)" (bus u 
relative coefficient of 0-28, which coefficient 
appears to hold up to 1800" (\ Molten 
copper has an emiasivity of (HI that of solid 
iron. 

Some of the experiments appear to have 
been made on tho streams of molten in eta hi 
issuing from the furnaces. 

Table IX. summarises existing knowledge an 
regards the corrections required to apparent 
temperatures given by total radiation pyro» 
meters to convert to true temperatures. 
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Table IX 


True Temperatures and Apparent Temperatures measured by Radiation Pyrometers 

WHEN SIGHTED UPON VARIOUS MATERIALS 


Observed 


True Temperature, 

°c. 


Temperature, 

“C, 

Molten Iron. 

Molten Copper. 

Copper Oxide. 

Iron Oxide. 

Nickel Oxide. 

COO ■ 


1130 

720 

030 

710 

650 


1210 

775 


755 

700 


1290 

830 

735 

800 

750 



890 


845 

800 

1200 


945 

840 

895 

850 

1270 


1000 


940 

900 

1340 


1000 

945 

985 

950 

1410 


1115 


1030 

1000 

1475 


1170 

1050 

1075 

1050 

1550 




1120 

1100 

1010 



1155 

1105 

1150 

1680 




1210 

1200 

1750 



1200 

1255 


§ (19) Absorption in the Medium through 
which the Radiation passes. —The radiation 
lias generally to pass through a gaseous medium 
before reaching the pyrometer. At present 
the information available concerning the effect 
of any absorption by the medium on pyro- 
metric observations is very scanty. 

The subject is complicated by the fact that 
most gases and vapours have fairly sharply 
defined absorption bands, and that the 
distribution of energy among the wave-lengths 
of the continuous spectrum emitted by a 
“ black body ” varies with the temperature. 
Should one of the absorption bands coincide 
with the maximum energy wave-length of the 
spectrum its influence would be very marked, 
whereas at another temperature that particular 
wave-length might contain hut a very small 
fraction of the total energy in the spectrum, 
consequently the loss by absorption would bo 
insignificant. 

It is known that C0 a has absorption bands 
of wave-lengths 44, 2-7, 14, and 15 n in the 
infra-red, the band at 44 /x being a strong one. 
Water vapour lias a number of absorption 
bands in the neighbourhood of 6 fx. 

Hence the presence of cooler strata of CO a 
and other gaseous products in the furnace 
will lower the readings of the pyrometer. 
The writer on one occasion observed an error 
of 40° 0. in the readings of a pyrometer when 
taking the temperature of a furnace near the 
mouth of which water vapour was present due 
to the drying-out of the furnace. 

Tyndall, about 1859, made a thorough 
investigation of the diathermancy of gases 
and vapours. The apparatus employed con¬ 
sisted of a brass tube closed at the ends by 
plates of rock salt. Racing one end of the 
tube was a source of radiation, such as a 
cube containing boiling water or a glowing 
spiral of platinum. At the other end was 


placed a thermopile. When the interior of 
the tube was exhausted the deflection of the 
galvanometer connected with the thermopile 
was reduced to zero by bringing up a com¬ 
pensating cube to the other face of the 
thermopile. The gas under test was then 
introduced into the tube; if it exerted any 
absorption effect the galvanometer needle 
would be deflected. The fraction of radiation 
absorbed could be obtained by observing the 
full deflection produced when a screen was 
interposed between the thermopile and the 
tube. The compensating cube then produced 
the same effect as the radiation which 
previously traversed the exhausted tube. 

Tyndall found that air, oxygen, hydrogen, 
and nitrogen, if carefully purified, exerted no 
sensible absorption, while water vapour and 
carbon dioxide had a marked absorption. 
Vapour of organic compounds also had a con¬ 
siderable absorbing effect. f) _ 
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QUANTUM THEORY—REAUMUR 


— Q 


Quantum: Theory : 

Application of, to the behaviour of gases 
under various conditions. See “ Thermal 
Expansion,” § (26). 

Explanation of Variation of Atomic Heat 


with Temperature. Non “Calorimetry,, 
the Quantum Theory,” § (44). 

Formulae for Specific Heat, .Experimental 
Test of, by E. II. GrillitliM and Iv/.er 
Griffiths. See ibid. § (45). 

See also Vol. IV. 


R 


Radiation : 

Confirmatory evidence of the laws of, 
from a consideration of the inter-related 
phenomena of atomic structure, of X-rays, 
of ionisation and resonance potential, and 
of photoelectrical action. See “ Radia¬ 
tion, Determination of the Constants of,” 
etc., IV. § (11), Vol. IV. 

Constant of Spectral, determinations of. 
See ibid. III. § (7), Vol. IV. 

Formula and Coefficient of Total: verifica¬ 
tion by experiment of Stefan-Boltzmann 
law. See ibid. IV. § (9), Vol. IV. 

Formula and Constant of Spectral: experi¬ 
mental evidence shows that, throughout 
the spectrum, from 0-5 g to 50 g, Planck’s 
formula fits the observed spectral 
energy distribution more closely than 
any other equation yet proposed. See 
ibid. IV. § (11), Vol. IV. - 

“ Fourth-power ” Law of, used to measure 
high temperatures. See “ Pyrometry, 
Total Radiation,” § (1). 

From a Black Body, discussion of. See 
“ Radiation, Determination of the Con¬ 
stants of,” etc., I. § (2), Vol. IV. 

From Flames. See “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § (57). 

Losses in internal combustion engines. See 
ibid. § (61). 

Measurements of Solar and Stellar. See 
Vol. in. 

Theory of Heat: laws of Boltzmann, Wien, 
and Planck. See “ Pyrometry, Optical,” 

§U). 

Total, of a Black Body, used as a secondary 
standard of temperature in the range 
above 500° G. See “ Temperature, Real¬ 
isation of Absolute Scale of,” § (41) (iii.). 

Transmitted by Red Filter Glass of Optical 
Pyrometer, Wave-length of. See “ Pyro¬ 
metry, Optical,” § (11). 

Radiation, Coefficient of Total : 

Indirect and substitution methods of 
experimental evaluation of. See “ Radia¬ 
tion, Determination of the Constants of,” 
etc., II. § (5), Vol. IV. 

Modem methods of experimental evalua¬ 
tion of. See ibid. II. Vol. IV. 


Thermomotrio methods of evaluation id, 
with “ black ” receivers. Keo ibid. § (•!•). 
Vol. IV. 


Radiation, Determination ok the Con¬ 
stants of. Soo Vol. IV. 

Radiation Theory. Soo Vol, IV. 

Radius of Gyration. The square root of 
the ratio of the moment of inertia of it 
body about a lino to the mass of the body, 


Vi m ,r 


Railway Dynamometer Gaum .won tup 

Measurement of Traotive Effort a mu 
Resistance. . See “ Dynamometers," § (A) 
(iv.). 

Rain Gauges. Soo “Hydraulics," § (,**). Men 
also Vol. III. 

Rainfall, Distribution and Annual Varia¬ 
tion of. See “ Hydraulics,” §§ (1) mul (2). 

Rake of a Propeller. A blade Jh Maid to be 
raked forward or aft according rm the 
centre line of the blade at the tip in forward 
or aft of the centre lino at the root. See 
“Ship Resistance and Propulsion," § (41), 

Ranicine Cycle. See “ Steam - engine. 
Theory of,” § (8). 

Reversibility of, § (7). 

For Wet Steam. § (5). 

Rayleigh’s Formula for Radiant Unkiiuv ; 


a formula, duo to Lord Rayleigh, giving an 
approximation to the distribution of radiant 
energy along the spectrum, on the side of 
the long wave-lengths. It :is the exproHsiuu 
which should ho found if the classienl synt em 
of mechanics were valid, and has the form 


Ua ~ 


SttAT 
■ x r> 


See “ Radiation Theory,” § (6), Vol. IV. 


Reaction Turbines. See “Turbine, Do- 
velopment of the Steam,” § (2); “Steam- 
turbines, Physios of,” §§ (U), (l«). 

Reaumur, introducer of a scale of tempera- 
tur _ e ’ stm used in parts of Central Europe 
and Russia, in which zero and 80 correspond 
to the freezing- and boiling-point of water 
respectively. See “ Thermometry,” § (2). 
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Rectifying Column used in Fractional 
Distillation of Am. See “ Gases, Lique¬ 
faction of,” § (2). 

Redundant Members in a Frame. See 
“ Structures, Strength of,” § (25). 
Refractory Materials, Thermal Con¬ 
ductivity of. See “ Heat, Conduction of,” 
§ (4) and Table II. 

REFRIGERATION 

§ (1) Introductory. General Theory.— 
The process of refrigeration consists in 
removing heat from a body that may be (and 
generally is) colder than its surroundings. In 
cold storage, for example, the contents of 
a chamber are kept at a temperature lower 
than that of the air outside, by extracting the 
heat which continuously leaks in through the 
imperfectly insulating walls. In ice-making, 
heat has first to be removed from water in a. 
can or tank to bring its temperature down to 
the freezing-point, and then the “ latent heat ” 
has to be removed as the water freezes. A 
fundamental principle of Thermodynamics 
(<?.?.'.), known as the Second Law, 1 is 
that heat does not pass spontaneously from 
a cold body to a hot body, and it is im¬ 
possible to have a purely self-acting machine 
that will go on conveying heat from a cold 
body to a hot body. To maintain a refrigerat¬ 
ing process accordingly requires some expendi¬ 
ture of energy. It is generally done by means 
of a mechanically driven heat-pump, working 
on what is essentially a reversed heat-engine 
cycle. It may also he done by the direct use 
of high-temperature heat without intermediate 
conversion of that heat into work, by means 
of devices which will be mentioned later. 

Any process of refrigeration involves the 
use of a working substance which can he 
made to take in beat at a low temperature 
and discharge heat at a higher temperature. 
The heat is discharged by being given up to the 
air outside or to any water that is available 
to receive it. The process is a pumping up 
of heat from the level of temperature of the 
cold body, at which heat must he taken in, 
to the level at which heat may he discharged. 
These temperature levels should he as near 
together as is practicable, in order that no 
unnecessary work may be done : in other words 
the action of the working substance should 
be confined to the narrowest possible range 
of temperature. The temperature of dis¬ 
charge should he no higher than is necessary 
to get rid of the heat, and the lower limit 
should be no lower than will ensure transfer of 
heat into the working substanco, from the 
cold body from which heat is to be extracted. 

Let T t he the temperature at which heat is 
discharged and T a the temperature at which 
1 See “Thermodynamics,” § (17). 


it is taken in from the cold body. Consider 
a complete cycle in the action of the working 
substance. Let Q, be the quantity of heat 
which is discharged and Q a the quantity which 
is taken in from the cold body ; and let W be 
the thermal equivalent of the work spent in 
driving the refrigerating machine. Then, by 
the conservation of energy, 

Qi = Q a + W. 

The useful refrigerating effect is measured by 
Qa, and tlie “ coefficient of performance,” 
which is the ratio of that effect to the work 
spent in accomplishing it, is Q a /W. 

We have first to inquire what is the highest 
possible coefficient of performance when 
the limits of temperature T x and T a are 
assigned. We know by the principle of Carnot 
(“Thermodynamics,” §§ (18) to (20)) that 
when heat passes down from T\ to T a through 
a heat-engine, the ideally greatest efficiency 
in the conversion of heat into work is obtained 
when the engine is thermodynamically revers¬ 
ible. In that case 

Qi_Q« 

vrr; 

The output of work W is Q x - Q a . Hence 
the ideally greatest output of work is related 
to Qg, the heat rejected at the lower limit 
of temperature, by the equation 

yy _ QaC'-i G’a) 

1 2 

A corresponding proposition in the theory 
of refrigeration (which will bo proved immedi¬ 
ately) is that the ideally greatest coefficient 
of performance of a refrigerating machine, 
working to pump up heat from T a to T x , is 
obtained when the machine is thermodynamic¬ 
ally reversible. In that case the same 
relation holds, namely 

Qi_Q a 

Tr'iv 

and the amount of work W which is spent in 
driving the machine (and is equal to Q t - Q a ) 
is related to Q a by the equation 

yy _ QaG\ ~ ^a) . 

T a 

In other words, the greatest amount of work 
that is theoretically obtainable in lotting heat 
pass down through a given range of tempera¬ 
ture is the least amount of work that will 
suffice to pump up the same quantity of 
heat through the same range. 

To show that no refrigerating machine can 
be moro efficient than one that is reversible, 
wo shall use an argument of a quite general 
character, based on the Second Law of Thermo¬ 
dynamics. Let E, Fig. 1, be a reversible 
refrigerating machine, reversed and therefore 
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serving ns a heat-engine. It takes a quantity 
of heat, say Q ls from the hot body, and delivers 
a quantity Q 2 to the cold body, converting 
the difference into work. Let all the work W 
which it develops be employed to drive a 
refrigerating machine R : and assume that 
there is no loss of power in the connecting 
mechanism. Accordingly the two machines, 
thus coupled, form a self-acting combination. 

If the machine R could have a greater 
coefficient of performance than the reversible 
machine E, that would mean that the ratio of 
Q,-, to W would be greater in R than in E. 
Hence (W being the same for both) R would 



take more heat from the cold body than E 
gives to it, and R would also give more heat 
to the hot body than E takes from it. The 
result would be a continuous transfer of heat 
from the cold body to the hot body by means 
of a purely self-acting agency. This would 
be contrary to the Second Law of Thermo¬ 
dynamics : we conclude, therefore, that no 
refrigerating machine can have a higher co¬ 
efficient of performance than a reversible 
machine working between the same limits of 
temperature. 

It follows that all reversible -refrigerating 
machines working between the same limits 
of temperature have the same coefficient of 
performance. It also follows that the value 
of this coefficient is that which would be found 
in a reversed Carnot cycle, namely 

Q 2 _ t 2 

W Ti-T* 

This is the ideally highest coefficient; it 
measures the performance of what may be 


called a perfect refrigerating machine. Tin* 
coefficient of performance in any real machine 
is necessarily less, lor the cycle of a real 
machine falls short of: reversibility. 

The following are numerical values of Gum 
expression, namely values of the fioeilicient 
of performance in a perfect nr nh'emible 
refrigerating process, for various ranges of 
temperature. Though these are ideal figures, 
representing a theoretical limit which cannot 
he reached in practice, and is in tact not 
nearly reached, they illustrate the iinporlniu e 
of making the range of temperature us small 
as possible by taking in the heat which hurt 
to be extracted from the cold laxly at a, tem¬ 
perature no lower than can he helped, and by 
discharging it after the least practicable rise. 

Coefficients of I’erfi >rm a nuh 


of a Perfect Ri 

noum 

■;rati 

NO Maciiink 

Lower Limit 
of Temperature 

■ Tipper Limit of Tempera* 
turn (Centigrade). 

(Centigrade). 

10". 

20°. 

111)", 

40". | 

no". 

-20° 

8-4 

941 

r»-l 

4’2 

MO 

-15° 

1041 

74 

fi-7 

4d 

It) 

-10° 

KM 

8-8 

941 

541 

•Id 

- 5° 

17-9 

10-7 

7 *7 

94) 

*141 

0° 

2741 

lll-ll 

9'1 

9-8 

frit 

5° 

G54.I 

184) 

lid 

74) 

0-2 

10° 

• * 

2841 

ltd 

ltd: 

. t 

7-1 


§ (2) The VAPOHU-oiiMeuEHSioN I’rooksh,- 
The working substance in a refrigerating 
cycle may bo a gas which remains gaseous 
throughout, suoh as air. More commonly it is 
a fluid which is alternately condensed and 
evaporated. During evaporation at a low 
pressure the fluid takes in heat from the 
cold body; it is then compressed and given 
out heat in becoming condensed at a relatively 
high pressure. A machine for carrying out 
this’ process is called a vapour-cumpresHiou 
refrigerating machine. The selection of the 
fluid is governed by practical eonsidemtionH. 
Water is used in some cases, hut a serious 
drawback to its use is this very large volume 
and low pressure of tlio vapour at low tempera* 
tures. There are obvious advantages in uni tig 
a fluid whose vapour-pressure is neither incon¬ 
veniently small at the lower limit of tempera¬ 
ture nor inconveniently large at the upper 
limit. The fluids most commonly used tire 
ammonia and carbonic acid. Ammonia, has a 
convenient range of vapour-pressure through 
out the range of temperature with which 
we are concerned in practical refrigeration. 
It has the drawback that it acts chemically 
on copper and brass : accordingly none of 
the parts of an ammonia plant that an* 
exposed to contact with the working substance 
may be made of these metals. From the 
thermodynamic point of view ammonia admit** 
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of very efficient working ; it is, in fact, the The omission of an expansion cylinder with 
favourite. substance when economy of power the substitution for it of an expansion-valve, 
is the chief factor in determining the choice, simplifies the machine, but it introduces into 
With carbonic acid the vapour-pressure is the cycle a definitely irreversible step. It 
considerably higher, the critical point is thereby reduces the coefficient of performance 
reached at a temperature that may come within for two reasons. The work which would be 
the range of operation, and the thermodynamic recovered in the expansion cylinder is lost; 
efficiency is somewhat less. Notwithstanding and also the refrigerating effect in the evapor- 
theae objections, carbonic acid is frequently ator is reduced, for more of the liquid is 
preferred, especially on hoard ship, where vaporised in the act of streaming through the 
it ia more harmless should, any of the fluid expansion-valve than would be vaporised in 
escape by leakage into the room containing adiabatic expansion, consequently less is left 
the machine. For use on land, especially. to he evaporated by subsequently taking in 
when the vapour-compression process is carried heat from the cold body. The loss of efficiency 
out on a largo scale, as in ice-making or in from these two causes is not, however, very 
the cooling of large stores, and the highest important under ordinary conditions. If the 
thermodynamic efficiency is aimed at, ammonia expansion cylinder were retained as part of 
is usually chosen. Other fluids with lower the machine its effective volume would need 
vapour-pressures are occasionally preferred, adjustment relatively to that of the com- 
especially in small plants, such as sul¬ 
phurous acid, ethyl chloride, or methyl 
chloride. 

If the reversed Carnot cycle were 
actually followed, the choice of working 
fluid would make no difference to the 
efficiency: the coefficient of perform¬ 
ance for any fluid would have the 
value T 2 /(T X -T a ). But a part of the 
reversed Carnot cycle is omitted in 
practice, with the result that the co¬ 
efficient is reduced, and the extent of 
the reduction depends on the nature 
of the fluid; it is greater in carbonic ^ 
acid than in ammonia. 

To carry out a reversed Carnot cycle 
completely, with separate organs for 
the successive events which make up 
the cycle, would require : 

x J-uu. uifeaiw ur u y c»jJUU&-ViU4UjyxCDDlUU 

(1) A compression cylinder m winch Refrigerating Machine, 

the vapour is compressed, from the 

pressure corresponding to T 2 , to the pressure pression cylinder, in order to secure the best 
corresponding to T\. results under varying conditions as to the 

(2) A condenser in which it is condensed limits of temperature. Rather than intro- 
at T x . A typical form of this organ would duce this complication, it is worth while to 
bo a surface condenser in which the working make the slight sacrifice of thermodynamic 
fluid gives up its heat to circulating water. efficiency which is involved in letting the com- 

(3) An expansion cylinder in which it pressed fluid pass back to the low-pressure side 

expands from T x to T a . of the apparatus through an expansion-valve 

(4) An evaporator in which it takes up instead of through a cylinder in which it would 

heat at T a from tho cold body from which do work in expanding to the lower pressure, 
boat is to bo extracted. This vessel is some- In the usual type of vapour-compression 
times called the “ refrigerator.” refrigerating machine, accordingly, the expan- 

In nearly all refrigerating machines the sion cylinder is omitted, and the organs are 
expansion cylinder is omitted for reasons of »those shown diagrammatically in Fig. 2. 
practical convenience, and the fluid streams They are (1) the compression cylinder B; 
from (2) to (4) through a throttle valve with (2) a condenser A such as a coil of pipe 
an adjustable opening, called the “ regulator ” cooled by circulating water, in which the 
or “ expansion-valve.” In passing the ex- working substance is condensed under a rela- 
pansion-valvo the pressure of the working fluid tively high pressure and at the upper limit 
falls to that of tho evaporator; its tempera- of temperature T x ; (3) an expansion-valve 
ture falls to T a and part of it becomes ovapor- or regulator R through which, it streams from 
ated before it begins to take in heat from the A to 0; (4) the evaporator C, in which it 
cold body. is vaporised at a low pressure by taking 
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in heat from the cold body at the lower limit 
of temperature. The evaporator may for 
instance be a coil of pipe fixed in the cold 
chamber (generally near the ceiling) and 
taking in heat from the surrounding atmosphere 
of that chamber; often it is a coil placed 
in a tank and surrounded by cold circulating 
brine which serves as a 
vehicle for conveying heat 
to the working substance 
from a cold chain 
her or from cans 



Fig. 3.—Indicator Diagram of Compression Cylinder, 


for ice-making or other objects that are to be 
refrigerated. 

The action of the compression cylinder 
is shown by the indicator diagram. Fig. 3. 
During the forward stroke of the compressor 
the valve leading to A is shut and that leading 
from C is open. A volume V x of the work¬ 
ing vapour is taken in from G at a uniform 
pressure corresponding to the lower limit T 2 '. 
In most actual cases what is taken in is not 
dry-saturated vapour but a wet mixture, the 
wetness of which is regulated by adjusting the 
expansion-valve R. This is in order that the 
subsequent compression may not produce 


the vapour or wet mixture in the cylinder 
until its pressure becomes equal to that in A. 
This compression reduces the volume of the 
fluid in the cylinder to V a . The valve leading 
to A then opens, and the back stroke is com¬ 
pleted under a uniform pressure while the 
working substance is discharged into A and 
condensed ‘ there. The valves of the com¬ 
pressor are spring valves which open and close 
automatically in consequence of the changes 
in pressure, and are situated in the cover of 
the cylinder in such a manner as to make 
the clearance negligibly small. For the same 
reason the ends of the piston are 
often curved. These features are 
illustrated in Fig. 4, which is a 
sectional drawing of an ammonia 
compression cylinder showing the 
form of the piston and the arrange¬ 
ment of the admission and delivery 
valves at each end. To complete the cycle, 
the same quantity of working substance is 
allowed to pass directly from A to 0 through 
the expansion-valve R. 

The temperature T\ at which condensation 
takes place is in practice necessarily a good 
deal higher than that of the circulating water 
by which the condenser is kept cool, for a large 
amount of heat has to be discharged from the 
condensing vapour in a limited time. Rut it is 
important that the condensed liquid should be 
brought as nearly as possible to the lowest tem¬ 
perature of the available water-supply before 
it passes the expansion-valve, though it may 



Fig. 4.—Section of Ammonia Compression Cylinder. 


much, if any, superheating. It is possible to 
make the compression wholly “ wet ” by 
taking in a sufficiently wet mixture: more 
generally the expansion-valve is adjusted so 
that the vapour is moderately wet to begin 
with, and becomes slightly superheated by 
compression. At the end of the forward 
stroke the valve leading from G closes, and 
the piston is foroed to move back, compressing 


have been condensed at a considerably higher 
temperature, and sometimes a supplementary 
vessel called a ‘ ‘ cooler ” is addedf or this purpose, 
The complete vapour-compression cycle is 
exhibited in the entropy-temperature diagram 
of Fig. 5, which is drawn for ammonia as 
working substance, and Fig. '6, which is drawn 
for carbonic acid. There dg and eh are 
portions of the boundary curves of the liquid 
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and the vapour in the saturated state. The 
point a represents the condition of the mixture 
which is drawn into the compression cylinder 
when compression is about to begin; its 
wetness is measured by the ratio ah/gh. The 
line ab represents adiabatic compression to 
the pressure of the condenser. The next 
process consists of cooling and condensing 
at this constant pressure; it is made up of 
three stages, be, cd, and de. In the first stage, 
be, the superheated vapour is cooled to the 
temperature at which con¬ 
densation begins; in the next J 

stage, cd, the vapour is com- ^ ... 

pletely condensed; in the JL 

third stage, de, the con- 
densed liquid is cooled to the / 

lowest available temperature / 

before it passes the ex- / 
pansion-valve. The lines / ' r 
be, cd, and de form parts J 
of one line of constant \ 

pressure. In the diagram hr J 
for ammonia, Fig. 6, da is Fig. 5.—T 

practically indistinguishable 
from the boundary line, but in the diagram for 
carbonic acid, Fig. 6, the distinction is very 
apparent because we are there dealing with a 
liquid that is highly'compessible in con¬ 
sequence of its nearness to the critical state. 
The line ef represents the process of passing 
through the expansion-valve, in which the 
pressure falls to that of the evaporator. This 
process takes place too quickly for any sub¬ 
stantial amount of heat to enter the fluid from 


the amount of heat taken in from the cold 
body, is represented by the area under the 
lino fa, measured down to a base-line corre¬ 
sponding to the absolute zero of tempera¬ 
ture (see “ Thermodynamics ” §§ (24) and 
(42)). 

The amount of heat rejected during 
cooling and condensation of the j 
vapour and subsequent cooling of 
the condensed liquid is the area /] 
under the lines be, cd, and de. / j 


Fig. 0.—Tlie Vapour-compression Cycle, using Carbonic Acid. 


Fig. 5.—The Vapour-compression Cycle, using Ammonia. 


The thermal equivalent of the work 
spent in carrying the working substance 
through the complete cycle—which is simply 
the work spent on it in the compressor— 
is the difference between those two quantities. 
It should be noted that the work spent is 
not measured by the area abedafa, enclosed 
by the lines which represent 
the complete cycle, because 
/ the cycle includes the ir- 

reversible step ef. In conse- 
>/ quence of that the work 

\ spent is greater than the 

t ^ enclosed area by the area 

under the line ef. 

s When carbonic acid is 

\ used as the working sub- 

\ stance, the temperature of 

\ the cooling water may be 

_____]_\ so high that the pressure 

a \h during cooling is above 
Carbonic Acid. tho critical pressure. This 
case is illustrated m Fig. 7. 


outside ; consequently ef is a line of constant 
total heat, for in a throttling process the total 
heat I does not change (“ Thermodynamics,’' 
§ (32)). As a result of passing the expansion- 
valve the working substance comes into the 
condition shown by the point /. The pro¬ 
portion which is converted into vapour by the 
act of passing the valve is shown by the ratio 
gfjgh. Lastly, we have the process of effective 
evaporation when tho substance is usefully 
extracting heat from the brine or other cold 
body, by evaporating in the refrigerator. This 
is represented by the line fa, during which the 
dryness changes from gf/gh to ga/gh. 

The refrigerating effect, that is to say, 


The line be then becomes a continuous 
curve lying entirely outside of the boundary 
curve. The working substance passes from 
the state of a superheated vapour at b 
to the state at e without any stage corre¬ 
sponding to cd in Fig. 6, in which it is 
a mixture of liquid and vapour. As 
before, the refrigerating effect is measured 
by the area under fa ; the heat rejected to 
the cooling water is measured by tho area 
under be ; the difference between these two 
quantities measures the work spent, and is 
greater than tho area of the closed figure 
abefa by tho area under the irreversible 
step ef. Even when the temperature of 




684 


REFRIGERATION 


the cooling water is above the critical 
temperature, a substantial amount of re¬ 
frigerating effect is obtained, though the 
thermodynamic efficiency of the cycle is 
less than when the upper limit is low 
enough to allow the compressed gas to become 
liquid. 

In all these vapour-compression cycles the 
conditions are to some extent ideal, for it is 
assumed that the compression ab is adiabatic, 
and that in passing the expansion-valve the 
substance takes in no heat by conduction. 


heat rejected may very usefully be expressed 
as follows in terms of the total heat of 
the substance at the various stages of the 
operation. 

The refrigerating effect, that is to say the 
amount of heat taken in from the cold body, 
is I a - If, where I, { is the total heat at a and 
I f is the total heat at /. This is because the 
(reversible) operation fa is effected at constant 
pressure. For the same reason the .amount 
of heat rejected to the condenser and cooler 
is I h - I e , where those quantities designate the 
total heat at b and at e respectively. Further, 
since in the process ef of passing the expansion- 
valve there is no change of total heat, I^I,, 
We may therefore state the amount of heat 
rejected as I 6 -1 / . 

Again, the work spent in the compressor 
is (in thermal units) I 6 -I„. It is the thermal 
equivalent of the area of the indicator diagram 

in Fig, 3, namely A j VdP, which is equal 

to I 6 - I (l by the general principle proved in 
“ Thermodynamics,” § (38). 

That these results are in agreement with one 
another is seen by considering the heat-account 
of the cycle as a whole : 

Work spent =Heat rejected—Heat taken in. 

Is-Ia = (Ift-I/) - (Ia-Ij,). 


§ (3) Petifoiimanok oif a .M .vein .vie. The 
coefficient of •performance, which is the ratio of 
the heat taken in from the cold laxly to tlm 
work spent in the compressor, is 



Hence estimates of performance arc easy 
when wo can iind the total heat of the liquid 
just before the expansion-valve, and that. 

of the vapour before 
and after compression. 
Theso quantities are 
most readily found by 
representing the cyclic 
process on a Mollier 
chart of entropy </> and 
total heat I fur the given 
working substance. Fairly 
complete data are avail¬ 
able for ammonia, earbonio 
acid, and sulphurous acid, 
and Ip charts for these 
substances will be found 
in a Report of the Re¬ 
frigeration Research Com¬ 
mittee of the Institution 
of Mechanical Engineers 
Inal . Mcc/n 
Eng,, Got. 1014). 

In drawing such eluirbi 
a geometrical device is re¬ 
sorted to for the purpose of making the d ingra ins 
at once open and compact, with the effect that 
measurements may bo made with mdUeient ac¬ 
curacy on a chart of reasonable size. This 
device, which Mollior originally adopted in 
drawing his Ip chart for carbonic acid, is to 
use oblique co-ordinates. The lines of constant 
I are horizontal; the lines of constant </>, instead 
of being perpendicular to them, arc inclined at 
a small angle. The result is that when (lie 
chart is drawn the curves on it arc sheared 
over, as compared with the form they would 
have on a chart with rectangular axes, and 
there is a gain in clearness and in the precision 
"with which, one may measure the changes of 
total heat that occur in the several stages of 
the vapour-compression process. Fig. 8 shows, 
on a small scale, an Ip chart, with oblique 
co-ordinates, for ammonia, and Fig, 9 shows 
one for carbonic acid. Linos of constant 
pressure and lines of constant temperature are 
drawn, and, in the wet region, linos of com 
stantdryness. (Cf. “Thermodynamics,” § (42)). 
In each case the region useful in refrigeration 
is included, and in Fig. 9 the region extends 
both above and below the critical point. On 
such charts it is easy to draw the ideal diagram 
for any assigned temperatures of evaporation, 
condensation, and subsequent oooling, and for 
any assigned wetness at the beginning of aom» 
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and in that way to find graphically 
sliangea in the total heat which determine 
lount of the refrigerating effect and the 
lent of performance. 

10 illustrates how the ideal action of a 
"-compression refrigerating machine is 


is about.to enter the compressor. This point 
is on the constant-pressure line corresponding 
to the process of evaporation in the evaporator, 
and its distance from the two boundary curves 
corresponds to the proportion of vapour to 
liquid in the mixture. If the compression 
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Fio. 8.—Molllcr I</> Chart for Ammonia (oblique co-ordlnivtoH). 


rated on the I <f> chart. In this example 
unking substance is carbonic acid, 
wer limit of temperature at which 
vfcion occurs is supposed to bo -10° C., 
raperature of condensation is 25°. 0., 
0 condensed liquid is cooled to 15° 0. 
it streams through the expansion- 
The cycle begins at the point a, which 
rats the state of the substance when it 


is to bo completely “dry,” the starting-point 
will.he at a x : more generally the substance 
is slightly wet when compression begins. The 
straight line ah, drawn parallel to the lines 
of constant entropy on the chart, is the process 
of adiabatic compression. The position of b 
is determined by the intersection of this lino 
with a line of constant pressure corresponding 
to the known upper limit of pressuro at which 













heating, and in that case the process is spoken 
of as “ wet ” compression. This would require 
the compression to have begun at a c instead 
of a. By beginning at a it carries the substance 
into the region of superheat before compression 
is completed at b. Nest we have the constant- 
pressure process of cooling and condensation 
and further cooling, represented in its three 
stages by the lines be, cd, and ch, the position 
of e being fixed by the temperature to which 
the liquid is known to be cooled before it 
reaches the expansion-valve. Then a hori- 


read directly by measurement from the olmi'f, 
and from them the work spent in 
the substance, which is 1 ?J l„, and (1m 

refrigerating effect, which is I u \ f , ni't* 
determined. The position of 11 m start ium 
point a, between a,, and a L , which determine** 
how far the compression will bo wot. or dry* 
does not greatly affect the thormndytmniie 
efficiency of the process. Between tin- tun 
extremes there is a certain degree of initial 
dryness which gives a slightly higher <•»> 
efficient of performance than is obtained either 
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by starting as at a 1 with dry vapour or as at a c 
with a mixture so wet that compression does 
no more than vaporise the liquid it contains. 
The position of a for maximum efficiency may 
be found thus : The refrigerating effect for 
any position of the compression starting-point 
a is proportional on some scale to the length 
fa. The work spent in compressing the 
fluid is proportional, on another scale, to the 
length ah. Hence the position of the com¬ 
pression line ab which will give the highest 
coefficient of performance is that which gives 



the smallest ratio 
of ab to fa. This 
position is found 
by drawing a 
tangent from / to 
the curve of con¬ 
stant pressure 
dcb v The com¬ 
pression line ab 
is then drawn through the 
point of contact b, and this 
Axes a as the starting-point 
for maximum efficiency in 
the ideal cycle with adiabatic 
compression. 

It does not follow that the 
same degree of initial wet¬ 
ness would give the maxi¬ 
mum coefficient in a real 
compressor, for the per¬ 
formance of a real machine is complicated 
by transfers of heat between the working 
substance and the metal. In general such 
transfers will be less when the working sub¬ 
stance is dry. On the other hand, with a wet 
mixture, what is called the volumetric efficiency 
of the apparatus is greater, since a larger 
quantity of the working substance passes 
through the machine for every cubic foot swept 
through by the piston, and this tends to reduce 
the proportion of those losses that arise from 
mechanical friction, and from radiation and 
conduction between the apparatus and its 
environment. 


FlCt. 10. 


Incidentally, Fig. 10 illustrates the loss of 
refrigerating effect that would result from 
omitting to cool the condensed working fluid 
down to the lowest available temperature 
before it passes through the valve. If instead 
of being cooled to 15° C. it were allowed to pass 
through the valve when its temperature is 
still 25° C. (the temperature of condensation), 
the operation of passing the valve would be 
shown by the line df d , and the process of 
effective evaporation would begin from the 
state f lt instead of the state /. 

Whatever be the working substance, an 
essential feature of any vapour-compression 
refrigerating machine is that the vapour must 
be pumped up from the low-pressure region 
in which it has been evaporated to the high- 
pressure region in which it is to be condensed. 
But this pumping up may be effected in more 
than one way. The usual way is by means 
of a cylinder and piston, and so long as the 
vapour-pressure is moderately high the use 
of a compressing piston is quite satisfactory. 
But when the vapour-pressure is very low, as 
it would be if water were used for the working 
substance, the volume to be swept through by 
a compressing piston would be so large as 
to be very inconvenient, and the amount of 
work whioh would be wasted through friction 
between the piston and cylinder would be an 
excessive addition to the legitimate work of 
compression. Not only would the machine 
be exceedingly bulky but its practical efficiency 
would be exceedingly low. At 0° 0., for 
example, the density of water-vapour is so 
small that about 365 cubic feet of it are 
required to absorb as much latent heat as one 
cubic foot of ammonia-vapour. Hence to use 
water-vapour as a refrigerating agent some 
appliance must be resorted to which will 
avoid the bulk and frictional waste of an 
ordinary compression pump. One such appli¬ 
ance is an ejector or jet pump, in whioh an 
auxiliary stream of vapour, supplied at a 
comparatively high, pressure, forms a motive 
jet which drags with it the vapour to be 
“ aspirated,” namely the vapour which has 
been formed by evaporation at low pressure, 
so that both pass on together to be condensed. 
An .independent supply of steam at a higher 
pressure forms the motive jet. It acquires a 
high velocity in a discharge nozzle of the type 
which first converges and then diverges. The 
low-pressure vapour to be aspirated is allowed 
to enter the nozzle, from the side, at the 
reduced section, whore the velocity is greatest 
and the pressure is least. The jet communi¬ 
cates some of its momentum to that vapour, 
and the mixed stream passes on to the con¬ 
denser through the divergent channel, losing 
velocity and gaining pressure as it goes. 
This enables the pressure of the working sub¬ 
stance to rise from tho lower limit at which 
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the aspirated vapour is formed to the higher 
limit at which it is condensed. In refrigerat¬ 
ing machines constructed to act in this way 
the quantity of vapour in the motive jet is.as 
much as three or even five times the quantity 
that is aspirated. The thermodynamic effici¬ 
ency of the method is found on trial to he 
only moderate, but the apparatus has advan¬ 
tages in point of simplicity and in the absence 
of~any wor kin g substance other than water. 
It has been applied not only to cool water, 
but also to maintain a temperature consider¬ 
ably below 0° C., in which case brine is sub¬ 
stituted for fresh water as the working sub¬ 
stance whose vapour is aspirated, and the 
cooled brine is prevented from becoming too 
dense by systematically returning to it enough 
water to compensate for the evaporation. 

§ (4) Refrigeration by Compression and 
Expansion of Air. —So long as the working 
substance in any refrigerating machine is a 
vapour which becomes liquefied during the 
operation, it is practicable, as we have seen, 
to dispense with the expansion cylinder. The 
step-down in temperature, which occurs while 
the substance passes the expansion-valve, is 
an example of the Joule-Thomson cooling effect 
of throttling (see “ Thermodynamics,” § (60)). 
This effect is large when the substance is 
a mixture of liquid and vapour. It is also 
large in a gas near its critical point, and hence 
a machine using carbonic acid under tropical - 
conditions can be effective without an ex¬ 
pansion cylinder although the substance may 
not have been liquefied under compression. 
A gas near its critical point is very far from 
perfect and does not even approximately 
conform to Joule’s Law. A gas which con¬ 
forms to that law would suffer no step-down 
of temperature in passing an expansion-valve. 
With a gas such as air, which is nearly perfect 
at the temperatures and pressures that occur 
in ordinary refrigeration, the step - down 
would be too small to serve the desired purpose. 
Hence with air for working substance an 
expansion cylinder becomes an essential part 
of the machine. Refrigerating mac h i n es 
which use air, and cool it by means of expan¬ 
sion in a cylinder in which it does work 
against a piston, are amongst the oldest 
effective means of producing cold by mechani- 
cal agency. They are still used for the direct 
cooling of the atmosphere of cold stores, but 
their use is now less common, because ma chin es 
in which the working substance is a condensible 
vapour are not only more compact but give 
a better thermodynamic return for the work 
spent in driving them. Historically, refrigerat¬ 
ing machines which use air are important, for 
it was by their successful use that the cold- 
storage industry was created and the business 
was established of conveying refrigerated 
cargoes overseas. 


The air-machines which arc in •’‘churi 
use operate by taking in a '■! an' 

from the chamber that is to be kepi 
compressing it more or less udialmt n-nHv 
with the result that its turn pem turn hhi-h 
considerably above that of U»«* a val la •.«* 
water supply, thou extracting heat * H,nl lt 
in the compressed state by means of miviilui* 
ing water, then expanding it in a cylinder m 
which it does work, with the result that it a 
initial pressure is restored and its ternpenri im* 
falls greatly below the init ial temporal me. 
It is then returned into the atmosphere *»f 
the cold chamber, with which it, mixen I the 
object being either to lower the. tom pern turn 
in the chamber or to keep it from rising I hr< nigh 
leakage of heat from outside. This type in 
known as the JBoll-Colomau air-machine. 

As applied to the cooling of a chain her 
such as a cold store or the Imhl of a oh ip. 



the apparatus takes the form shown (Ungram¬ 
matically in Fig. 11. In the phase of action 
shown there the pistons are moving (owurdn 
the left. Air from the cold chamber C" i» 
being drawn into the compression cylinder 

M. In the return stroke it will he eomprenaed 
from one atmosphere to about four, with the 
result that its temperature may be mined to 
130° C. or higher It is delivered under I hr. 
pressure to the cooler A, where it given up heal 
to the circulating water and comes down tn 
near atmospheric temperature. It. then j»n Hues, 
still at high pressure, to the expansion cylinder 

N, where .it does work in expanding down (•> 
the original pressure of about one atmoHphero 
and thereby becomes very cold, reaching n 
temperature of perhaps -GO 6 Cl. or 70“ 

in which condition it is returned to the mild 
chamber. An ideal indicator diagram fnr 
the whole cycle is given in Fig, 12, whore /.•/., 
shows the action of the compression cylinder 
and eadf shows that of the expansion cylinder. 
The area abed measures the net amount erf 
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^.cled. In the diagram the 
’Expansion are both treated 
■lie volume of A as well as 
d- to be so large that during 
is pressure does not sensibly 
v •>■ for the specific heat of 


■ssure, and T a , T,„ T„, and 
bure of the working air, at 
d d of the diagram, we have 
i-' the heat rejected to the 
i Qo=Kjj(T c -T rf ) for the 
heat usefully ex¬ 
tracted from the 
cold chamber, 
net amount 
: w.orlc expended 
equal to 



V 


Diagram of Air-machine. 

L cdent of performance is 
* the ratio of temperatures 
mansion of a gas depends 
nes, 

•‘•h ~ -Li 

Qo __ JF 
Qa-Q(j"T,/-T 0 ' 

rformance is low because 
of temperature through 
a/ir is carried. For this 
muse of greater frictional 
machine gives results that 
y with those obtained by 
ssion. 

tir-machines the presence 
be reckoned with. The 
> cold chamber is more 
'ing expansion it becomes 
io water from it would be 
the expansion cylinder, 
"with the action of the 
-itive devices were not 
ill device is to divide 
ito two stages by making 
first stage the expansion 
tough to cool the air to 
bovo the freezing-point. 

7 all the moisture is 
. of water, and is easily 
the final stage, which 
ins. Another device is 
■ of the moisture before 
ig the compressed air 
1 drying pipes, which 


bring its temperature down to near the 
freezing-point before it enters the expansion 
cylinder. 

§ (5) Direct Application of Heat to pro¬ 
duce Cold. Absorption Machines .—As was 
mentioned at the beginning of this article, 
in some refrigerating appliances there is no 
application of mechanical power : the agent 
is heat, which is supplied from a high- 
temperature source, and is employed in such 
a way as to cause another quantity of heat 
to pass from a cold body and to bo discharged 
at a temperature intermediate between that 
of the cold body and the hot source. Such 
machines act by the absorption of one sub¬ 
stance by another, to form a solution or 
compound, and the subsequent separation of 
the constituents by the agency of heat. In 
such machines the efficiency of the action 
from the thermodynamic point of view is 
measured by the heat ratio Q g /Q, where Q„ is 
the heat extracted from the cold body, and Q 
is the high-temperature heat which is supplied 
to carry out the operation. 

A typical example is the ammonia-absorp¬ 
tion refrigerating machine, in which the 
vapour of ammonia is alternately dissolved 
by cold water under a relatively low pressure, 
and distilled from solution in water under a 
relatively high pressure by the action of heat. 
The ammonia vapour, driven off by applying 
heat to a solution, is condensed in a vessel 
which is kept cool by means of circulating 
water. In this way anhydrous liquid ammonia 
is obtained at high pressure, which (just as 
in a compression machine) is then allowed to 
pass through an expansion-valve .into a coil 
or vessel forming the evaporator. A low 
pressure is maintained in the evaporator by 
causing the evaporated vapour to pass into 
another vessel, called the absorber, where it 
comes into contact with cold water in which 
it becomes dissolved. When the water in the 
absorber has taken up a sufficient proportion 
of ammonia, it in turn is heated to givo off 
the vapour again under high pressure. In the 
simplest form of the apparatus the same vessel 
serves alternately as absorber and as generator 
or distiller. For continuous working there are 
separate vessels, and the rich solution is 
transferred from the absorber to the generator 
by a small pump, while the water from which 
ammonia has been expelled flows back to the 
absorber ^ to dissolve more ammonia. The 
scheme of such an apparatus is shown diagram- 
matically in Fig. 13. Heat is applied to the 
solution in the generator by means of a steam- 
coil. The gas passes off at top to the condenser, 
then through the expansion or regulating valvo 
to the evaporator, and then on to the absorber, 
where it meets a current of water or very 
weak solution that has come over from the 
bottom of the generator. Between the 

2 y 
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generator and absorber is the interchange!', 
a device for economising heat by taking it 
from the water that is returning to the 
absorber, and giving it to the rich solution 
that is being pumped into the generator. This 
rich solution is delivered at the top. of the 
column in the generator; as the liquid parts 
with the ammonia it becomes denser and falls 
to the bottom, where it escapes to the absorber 
through an adjustable valve. When water 
absorbs ammonia a large amount of heat is 
given out. Hence the absorber as well as the 
condenser has to be kept cool by means of 
circulating water or otherwise. Under the 
most favourable conditions the quantity of 
heat which such a machine takes in from the 
cold body is considerably 
less than the quantity of 
high-temperature heat that 
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EiG. 13.—Organs of an Ammonia Absorption 
Machine. • 

has to bo supplied, for it needs a greater 
number of thermal units to separate ammonia 
gas from solution in water than simply 
to evaporate the same amount of liquid 
ammonia. 

In another type of absorption machine 
water-vapour is the substance which is 
absorbed: it is taken up by sulphuric acid, 
from which it may again be separated by the 
agency of heat. Such a machine has been 
used for ice-making, the evaporation of part 
of the water serving to freeze the rest. In 
this case also the heat ratio, namely, the ratio 
of heat usefully extracted to heat supplied, 
is less than unity, for it takes more heat to 
separate the vapour of water from a sulphuric- 
acid solution than from pure water. It is a 
familiar fact that when water is mixed with 
sulphuric acid much heat is given out. 


It is obvious that a better thermodynamic 
result would bo attainable if the process of 
absorption of the vapour wore attended by the 
giving out of less heat than is equivalent to 
the latent heat of the vapour itself. This is 
the case in a process patented by Mr. W. W. 
Seay, in which ammonia vapour unites with 
certain anhydrous salts, for which it has 
much affinity, such as the sulpliooyanido of 
ammonium (NH 4 CNS), or the nitrate, bromide, 
or iodide. Any one of those salts forms a 
suitable absorbent. The ammonia vapour 
unites with the dry salt to form a liquid 
solution, from which the ammonia vapour 
can again be driven off by the application 
of heat, leaving the salt dry and ready to 
serve again as the absorbent. The vapour 
is strictly anhydrous, for no wator is present 
in the working substance at any stage. The 
heat given out during absorption of the 
ammonia vapour by the salt is substantially 
less than the latent heat of the vapour itself 
at the same pressure, for part is taken up 
in liquefying the salt. Similarly, the heat 
required to effect a separation of ammonia 
vapour from the salt is substantially leas 
than the latent heat of the vapour, for part 
is supplied by the solidification of the salt. 
Consequently, when this process is made use 
of for the purpose of refrigeration, the ratio 
of the heat which is extracted from the cold 
body to the high-temperature heat, which is 
supplied to the generator, would bo greater 
than unity, if it wore not for such losses as 
occur through imperfection in the working. 
Practical difficulties in the use of such salts 
arise from the fact of their turning, solid 
during the operation, and from their tendency 
to act chemically on the metal of containing 
vessels. 

Any appliance for the production of cold 
by the agency of heat requires a supply of 
heat at a temperature higher than that of 
tho surroundings. There are necessarily 
three temperatures to bo considered: (1) the 
low temperature T 2 of the cold body .from 
which heat is being extracted ; (2) tho inter¬ 
mediate temperature T,. of tho. available 
condensing water or other “ sink ” into which 
heat can he rejected; and (3) tho high 
temperature T of tho source from which heat 
is supplied to perform the operation.. Any 
such appliance may be regarded as equivalent 
to tho combination of a motor or heat-engine 
driving a refrigerator or heat-pump (Fifl. 14), 
A quantity Q of high-temperature heat goes 
in at one place, and thereby causes a quantity 
Q a of low-temperature heat to go in at another 
place. Heat is rejected at the intermediate 
temperature Tj, and the heat so rejected is 
equal to tho sum of Q and Q„ for no work is 
done by the appliance or spent upon it as a 
whole. This description applies whether the 
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pplimioe is actually a mechanical conation 
.1 heat-engine with a heat,pump, nr is an 

~ T° h T wifch 110 conversion of 
-at into work and work into heat. In either 
-so wo have to consider what is the ideally 
eatest ratio of the low - temperature hmt 
*! which is extracted from the cold body, to 

G lllffn-f-Amnni'n+nim .... J • • i . *' 9 


n A uuvm 8 y, when 

dgnoch® ° nip01 ' atUrOS T *’ T *’ and T are 

Suppose, first, that the machino consists 
a perfect (reversible) heat-engine driving 


woH ii 1 ) i ° U0 tlu,ro aro two aTplianoos 
woikmg—both using the same intermediate 
temperature one of which is this reversed 
combination and the other is a refrigerating 
machine (such as an absorption machine) whoso 
ofhcieney we wish to compare with that of 


0 high-temperature or driving heat Q, when ' ttmacldif ^ 1 Th °" ,* ** Wore R^il.lo'for 

L r ** i W idVr tea ^ than 


Motor 

and 

Refrigerator 


-<—. T 

G 0 a 


rfoct (reversible) heat-pump. Then it is 
to calculate the ratio of the heat extracted 
1 th® boat supplied Q. Writing W for tho 
equivalent of the work developed in the 
engine and employed to drive the heat- 
V we have 

w__ Q(T - Tj) 

T 

the heat-engine is reversible. Again, 
tiie heat-pump is also reversible, 


9v>. t s (t-t,) 

Q ' Tfl'jlTj’ 

gives the required ratio of heats. 
EFimumoY off Absobution Pnoonssms. 
iinportance of this result lies in the 

e e II h0V mcth0d of ft PP^nfi hoat to 
o cold can g,vo a higher ratio of T a 

t, "° thre ® temperatures T, T„ and O 
assigned. To prove this, imagine the 
ation of reversible heat-engine and 
do hoat-pump to be reversed ; it will 
an an 1 U)Unt of lioat equal to Q 
hot body and an amount equal to CL 
old body, and it will take in an amount 

T f S a N?, m , tho in termediato body 
It will still develop no work as a 

l W "f, fc ° bc * diving 
gme further that between the hot 


*1,„ ------ v.. x.«vu a Juguer eiiieieucy than 

than" O U W ? uld oxtl ’ae|; mom heat 

than Q a from the cold body for the same 

* ^d.tiiro of high-tom,,oraturo heat Q 
b H on°e when both work together, namely, the 
fk om hination working reversed and the’other 

F J naoI “ uo 'working direct, the cold body would 

lose heat while on the whole the hot body 
would lose none. In other w.,rds, we should 
then have an impossible result, namely a 

ZoniV 7 nSk,V ° f W hy 11 lnm>l y So] f-aoting 
body at T 111 ^ C() |d J>ody at T a to a winner 
on ly at I„ the mtomiediato temperature 
r a .the agency would he self-acting in the sense 
of being actuated by no form of energy 
mechanical, thermal, or other. Such a, result 
would be a violation of the Second Law of 
Thermodynamics. Tho conclusion is that no 
means of employing heat to produce eold 
whether directly as in an absorpticm machine’ 

¥ or indirectly as in a compression machine 

tlm V sanm ° an 1,0 moro ‘d^lonl; (f»r 

the, same three tomperatures) than the.. 

bmation of a reversible beat-engine driving a 
reversible heat-pump. Hence the expression ’ 
Q 2 „T a (T-a\) 

Q ~T(T x -'T a ) 

Sw ideally greatest ratio of heat 
extracted to heat supplied. Any real appliance 

of irrovoraibln 1 ? aI !° r bo '. lt "?’ atia in flonsequonoo 
or meveisiblo features m its action, 

relation i ^ otivo , to ooiisltlot- this action in 

whole i 1 l ° 0n '?f >y nf th,v ^rim as a 
wiiolo. So long as tho ae.tion is cmunlotolv 

chaniro * °'P1 1 ° ° f tllft H y Btt, m docs nut 

S t t form V ° 0Xl>1Xmwn ma y^ written 


from, which 


t 9 + 0a_Q , Qa 

■if ’ T h T.; 


This expresses the conservation of entropy 

entro ,v ST ^ f VOrslbI ° °Pomtion. Tho 
entropy of the system as a whole does not 

o“S™,‘ h n iB **£5 

reioote t l J J 10 b0Cl * Y at T > t0 which heat, is 
iejected; the two terms on tho right aro the 

o®os of entropy by tho hot body and e Id 
body respectively. The whole notion ,1 
regarded as a transfer of entropy from‘two 

rr s s , T and t? *" “ S 

j, "K So long >aa tho notion is reversible tin’s 

oSrly Watho a KB „ wto 
entropy, but if it is not completely reversible 
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tlie a-n-egate entropy will increase; m that 
ease the term on the left becomes greater 
than the sum of the terms on the right. 

A fain, the equation shows that, under 
reversible conditions, the product o 
entropv lost by the hot source (through the 
removal of the heat Q) into the drop m tem¬ 
perature which that heat undergoes, namely, 
from T to T lf is equal to the product of the 
entropy lost by the cold body into the rise 
of temperature of the abstracted heat Q 2 . 
Each of these products is in fact a measure 
of W the work which the heat-engine produces 
and the heat-pump consumes m the ideal 
combination of reversible engine with reversible 


P A mechanical analogue to this thermal 
operation is obtained if one thinks of a machine 
for lifting water in a bucket from a low level 
to an intermediate level, by letting water 
come down in another bucket from a' high 
level to the same intermediate level. -It the 
buckets are connected by frictionless pulleys 
the operation is mechanically reversible. Let 
H, Hu H 2 represent the height of the high 
level, the intermediate level, and the low level 
respectively, above any convenient datum 
level. Then the energy equation is 

M(H-H 1 )=M 2 (H 1 -H 2 ), 


where M is the weight of water that comes 
down from H to H lf and M 2 is the weight of 
water that is lifted from H 2 to H x . On 
comparing this with the above equation for a 
corresponding reversible thermal process, it 
will be seen" that the analogue of weight of 
water is not quantity of heat, but entropy, 
namely, the quantity of heat divided by the 
temperature of supply. 

The reversible thermal operation may he 
represented by means of an entropy tempera¬ 
ture diagram (Fig. 15). There the area abon 
represents the heat which is supplied at the 
high temperature T ; and the area abed re¬ 
presents the work which would be done in 
a perfect heat-engine by letting down that 
quantity of heat from T to the lower level 
Tj. Between the given levels of temperature 
T x and T 2 draw a rectangle defy whose area 
is equal to the area abed, and produce ef to 
meet the base line for zero temperature in m. 
Then the area fgnm represents the refrigerat¬ 
ing effect, namely the heat extracted from' 
the cold body at T 2 . The amount of heat 
discharged at the intermediate level T x is 
equal to the area ecom, which is equal to the 
sum of the areas abon and fgnm. 

§ (7) The Refrigerating Machine as a 
Means op Warming. —In any such appliance, 
whether reversible or not, the quantity of heat 
delivered at the intermediate temperature I\ is 
greater than the quantity supplied at the higher 
T by the amount of the heat raised from the 



quantity of boat through the Nimtll r«»n$w thol 
is required, and oonaoquently In pnahtu* »* 
much greater wanning oiTeef, Similarly, if » 
supply of power from any source j« uvnil- 
able as a meana of warming to a umd«*tnte 
temperature, it. will he turned Li heller snv.mnf 
for that purpose if wo wit it to drive n bent 
pump than if wo simply convert it int>> h. .if 
For methods of producing exlt-eum . > 4.1 
in a gas, by the cumulative use of flu* 
Thomson (looting effect in pawing n ihrofflr 
valve, in conjunction with a ikmimt mfn- 
changer which enables the stream of | }, M t 
has passed tiro valve to extract heat from I lie 
stream that is still on its way to the us he, 
see the article on “ Liquefaction of < junto*," In 
that article, as in this otto, (ho writer 1mm* 
followed the lines of treatment ■devolo|»t*tl fq 
his books on Tlmmmlymnt for blHHinrrt*, 
and The Meehanmd Pmlmtim ofVuhi (Citmli. 
Univ. Press), to which reference slmuM be 
made for further particulars, 

a. a* 
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Refrigerators, Specific Heat of Liquids 
ttsed for, determined by the electrical 
method. See “ Calorimetry, Electrical 
Methods of,” § (7). 

Regenerative Cooling. Seo “ Gases, Lique¬ 
faction of,” § (1). 

Regenerator, Stirling’s and Ericsson’s. 

See “ Thermodynamics,” § (27). 

Regnault, I8G1, compared gas thermometers 
with secondary standards of temperature 
in range 500° to 1600°. See “ Tempera¬ 
ture, Realisation of Absolute Scale of,” 

§ (39) (v.). 

Experiments of, in determination of Latent 
Heat of Steam. See “Latent Heat,” 

§ (E (i-) 

Regnault s Law. See “ Engines, Thermo- 
dynamics of Internal Combustion,” 8 (]/>) 
Reheat Factor. See “Turbine, (Develop- 
ment of the Steam,” § (10); “Steam 
Turbine, Physics of,” § (8). 

Iweservoirs for Storage of Rainfall. See 
Hydraulics,” § (19). 

Resistance, Varying Circuit, Compensation 
for, in temperature indicators of the miJli- 
voltmeter type. Seo “Thermocouples,” 8 (8). 
Resistance^ Bridges for ThermometrrJ 
Work. See “ Resistance Thermometers,” 

8 (")• 

Resistance Coefficient, Non-Dimensional < 
ior the Motion of a Body through a 
Viscous Fluid. See “ Dynamical Siini- i 
iarity, The Principles of,” § ( 19 ). ( 

Resistance due to Fluid * Motion over a i 
Solid Boundary. See “ Friction,” 8 (13) , 

Resistance Manometers, Fleotmcal. See t 
1 ressure, Measurement of,” 8(13). + 

Resistance of Solid Bodies when towed a 
in 1 lotus. See “ Friotion,” 8 (14). 

Resistance Thermometer : ' t 

Standardised at 0°, 100°, and 444*6° 0 ., gives 
temperatures identical with the gas scale tl 

ZLTsm » 

“i- f 

Used to determine Low Temperatures, by Q 
lolborn and Wien in 1901. See ibid . § (17), N 
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methof?fnr°it t0AL ' ~~ Tll ° f(n,ndati(,n of a 
Wo 1 f h ? mensuremcn t of temperature 

is dueTr w °tT of ™ aiHt ' ance of Platinum 
due to Sir William Siemens, who in 1871 

constructed a practical form of pyrometer on 
his principle. He also devised an ingenious 
tern of resistance bridge, with the objeoT” 

reiStanef 8 '; n “? rti " ntira d "e to change in tho 
. ance of the leads, consequent on the 
variations in the depth of immersion of the 
pyrometer stem in the hot region. 

-the constructional details of the early 


riDH feiemon pyrometers wore miNatisfaetorv, The 
ica platinum wire was wound on a pipeclay 
leal cylinder and enclosed in a tulie of wrought iron 
A committee of the llntish Associntiom 
no- appointed in 1872 73 to test |hese pyro.mAers, 

, made mi unfavourable report on ’their per¬ 

is. maneney, and for some years this method of 
temperature measurement fell info disuse, 
era IrofoHsor A. VV. Williamson, Clmirnmn of the 
iro British Association Goinmittee, suggested that 
ra- tho changes in the resistance of the platinum 
’ } rei ’ c ; due . to 1;,u ' reducing atmosphere produced 
by the highly heated iron easing, which would 
nt cause the platinum to combine with a (race 
V <>l: the reduced silicon taken from the pipeelny 
oyhndor. Analysis proved the truth of this 
o- theory, and pointed to the desirability of mi 
oxidising or neutral atmosphere around the 
p- platinum wire. 

m Siemens showed later that a sheath of 
platinum eliminated this 
io trouble, and .Fig, j w^wwiia 

illustrates his improved JjJ|j|lf(S 

N type of pyrometer. /■imMu -4-Vj / 1 

i- About this time the UU fj 

). thermoelectric mctJiod of 

o measuring temperature I, lj 

was being developed with I 

conspicuous success by he I | 

k <'Jiatelior in France' 4 and ....fi™ 1 ™., «•' 

v Barns in America. Tho ' 

• simplicity of the thermo- || 

element and its direct *1 

1 reading indicator as com- tran * I 
pared with the resistance 
4 thermometer outfits of I, A 

those days, led (,, j( H I f 

general adoption in tho Ov/mr imu/» 
industries in preference to ,, V W t 
tlie .Siemens pyrometer. im'/T \ fill/ 
Between 1887 and 180(1 ' 7 ( lf 

tlie resistance thermo- § 

motor as a schnitilic Nrmitug Hf; 

instru mo n t re ee i v e tl tubl,,tt § 

thorough study in tho ® 

yniia „f Oallwulnr. K. II. ISSn" M 

Gnlhths, Hoyeock, and ' h "' ,lh -• * .* 1 
Neville, who proved be- M 

.yontl question its re- ““"0 

liability and extreme I'm. l, ^1 

precision when used with 

I WiM ‘ oleotrieol 

determination of theresistance 

aoibloct into a Ml, of ^ ton, 

means of which tho temperature ni ol,totnoi7 
By this device Dallendar avoided one of the 
greatest experimental diJIumlti™ of that time 
Phil, 2 vans, Roy, Roo, A, 1887, elxxvlli, 


Platinum or 
pormilnhi 
nhmth ■>*■•»* 
P/atfmim 

OOf I 
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in gas thermometry, viz. the maintenance by 
gas heating of a large enclosure at a constant 
and uniform temperature. _ 

/n The Gas Thermometer .-—His apparatus is 
shown diagrammatically in Fig. 2. The gas 
thermometer was designed for both constant 
volume and constant pressure work. 

Instead of the customary practice of con¬ 
fining the gas by a column of mercury, a 
sulphuric acid gauge was employed, which 
increased the sensitivity sevenfold, and also 
eliminated capillary errors entailed by the use 
of a small bore tube. 

The thermometer bulb was made from a 
piece of hard glass tubing, the coefficient of 
cubical expansion being deduced from measure¬ 
ments on a length of the same tubing as that 
from which the bulb was made. It was 


of accuracy attainable in the oltscrvu I ham 
(about .1°)', the variation of iwinlaurn »>l 
platinum with tempemtun.. ho repre¬ 

sented by a parabolic, formula. 

Callon’dar introduced nomenclature which 
lias since conic into general use. 

The platinum temperature pi is defined an 

where R 0 is tlio reslstanee at 0 

R, :is the resistance at ld(t" th, 

R is the rcsistantst at t" G, 

The quantity I V-lt„ is generally refer.. 

to as tho “Fundamental Interval ” (I'M.) ««f 
tlio thorn lometoi’. 

Ho showed that the difference between I lie 
true toinporaturo t, hh measured by tlio uir 



mwrnw 


Leads to 

resistance bridge 

i i - 

*n 1 


Gas thermometer bulb 
in furnace 


observed that the expansion was irregular, on 
account of the structural and hysteresis changes 
In the glass. 

(ii.) The Resistance Coil .—The platinum wire 
was 2 metres long by 0-013 cm. diameter, 
wound in the form of a spiral. The resistance 
at room temperature was approximately 20 
ohms. By an arrangement of double elec¬ 
trodes (shown in the diagram) the resistance 
of the lead wire outside the uniformly heated 
region could be allowed fox’. 

One end of the coil was led out through tho 
capillary connecting the bulb to the manometer 
{Fig. 3). A double lead of the same wire, and 
which was coated with the same hard glass to 
imitate it exactly, was laid alongside. Tho 
other double lead consisted of 10 cm. of fine 
platinum wire, to the mid-point of which tho 
other end of the spiral was fused. The lino 
wires were bent double and fused through tho 
glass, while the projecting ends were fused on 
to thick (0-096 cm.) platinum wires coated 
with hard glass and laid alongside the othei’s. 


Vi B 

j| Sulphuric acid 
I gauge 


thermometer, and the platinum tempemtiim 
fit was represented by the parabolic formula 




Resistance coil and leads 


The resistance of the leads was determined 
on each occasion, and the correction amounted 
to about 3 per cent of the total resistance. 

The experiments showed that to the degree 


whore 5 is the eneflieiout fur that particular 
sample of wire and whose numerical value- in 
about 1*5. 

Tho subsequent investigations of ('all.-n.hu 
and Griffiths showed that this was generally 
true for wires of varying degree of purity, 
when the appropriate values of the tmefliiWi* 
wore inserted in the parabulia formula. 

In a direct determination of Um boiling, 
point of sulphur with tho gas thermometer, 
they obtained the value -hi-I-ME C!„ which whm 
about 4° lower than that previously obtained 
by Regnault. 

In order to determine el they tiouohtded that, 
the boiling-point of sulphur was the meat 
suitable fixed point xn conjunction with iw, 
and steam, for calibration purposes, 
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§ ( 3 ) Determinations of the Boietnci- 
point of SuijPHU'R, 1 —Subsequent to the work 
of Callendar and Griffiths, numerous deter¬ 
minations of the boiling-point of sulphur lmvo 
been made, all of which have closely confirmed 
the value obtained by these investigators. 

In the course of their comparison of the 
resistance thermometer with the gas thermo¬ 
meter, Marker and Chappuis, and Holborn 
and Henning, made some determinations of 
the boiling-point of sulphur on the gas scale, 
employing the resistance thermometer as inter¬ 
mediary. Their values are indirect, insomuch 
that the gas thermometer was not directly 
employed to determine the temperature of 
the sulphur vapour, but are entitled to full 
weight, since the resistance thermometer was 
directly compared with the gas thermometer 
in salt baths, at temperatures in the vicinity 
of the sulphur boiling-point. 

Day and Bosnian (1012) made a direct de¬ 
termination of tho sulphur point, using a 


in the results obtained by the various observers 
since the time of Rogmuilt is uncertainty in 
the coefficient of cubical expansion of' tho 
bull) material of the air tliormomctor. 

bused quartz has the smallest coefficient of 
the materials available for the construction of 
tho bulb of gas thermometers, and a thermo¬ 
meter with a bulb of this material was used 
by Eumorfopoulos. 

liio value • I• (J, is, at the present time, 

the generally accepted value for the boiling- 
point of sulphur on the thermodynamic sonic 
in this country, although the value 4T! 
is used in America and 444-5 B ° in Germany. 

§ (4) Duiutv ok Tim fSuunit; it.— Ordinary 
commercial stick-sulphur manufactured' by Um 
Chance process is satisfactory, since no 
difference has been observed between its boiling- 
point and that of highly purified sulphur. 

Usually when sulphur is boiled for tho first 
time volatile impurities distil off. A black 
residue (.IAS) is generally found, but in tho 


CrAS TiIEBMOMBTBB DlSTMIiMINATIONH Off TUB BoH.INU-l'OIN'l' Off iSUMUIUK SINUS J 8 D 0 


1890 Callendar and Griffiths 
1902 Chappuis and Marker 
1908 Eiunorfopouloa 


Thermometer. 

Constant pressure 
Constant volume 
Constant pressure 


1911 Holborn and Henning Constant volume 


.1912 Day and Bosnian 
1912 Dickinson and Mueller 

1914 E u mo rfo po ulos 
1917 Chappuis 


Constant volume 
Constant volume 

Constant pressure 
Constant volume 


nitrogen-filled thermometer, whose hull;) was 
of platinum-rhodium alloy. It was of 205 c.e. 
capacity, and tho nitrogen was under an initial 
pressure of 500 mm. of mercury. 

Great precautions were taken to eliminate 
systematic errors. An aluminium shield sur¬ 
rounded tho bulb in tho sulphur tube, to 
prevent tho condensed sulphur from lowering 
its temperature below tho true boiling-point. 
To ascertain whether tho temperature of 
tho walls of tho tube had any influence, in 
some of the experiments tho external jacket 
was heated until tho temperature of the air 
gap was as high as that of tho sulphur vapour 
within tho tube. Provided tho tube was full 
of vapour, this produced no apparent change 
m the value obtained. 

A direct com parison of the temperature given 
by this form of apparatus with tho Moyer tube 
form of sulphur boiling apparatus (i’q/, 17), 
devised by Callendar and Griffiths, showed 
a systematic difference of hut 0-04° 0, 

Ihe probable source of the small divergences 

soXte t of,- I rc3B) T a™p. orat1jro * IlculiHat ' km of 


Pressure, 

Original 

mm. 

Eigure," ( 

700 

444-53 

m 

444-70 

700 

444-55 

012 

444-51 

444-30 

U«2* J 

592 

444-45 

592 

44,4-28 

415 

44:4-3(1 

792 

444-13 

599-504 

444-18 


Nitrogen 

Air 

Hydrogen 

Helium 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen j 
Nitrogen 


quantity in which it is generally present this 
appears to have no influence. 

§ (5) Variation with Pukhhuiuo ok the 

Bomn<m»oint ok iSuuuum,-.The influence of 

pressure on the boiling-point of sulphur is quite 
considerable in the vicinity of 7uo mm,, an 
increase of mm. in the barometric height 
raises the boiling-point by approximately 04)0". 

1 ho W'lation between temperature and press¬ 
ure oyer tlie range of importance in practical 
work lias been investigated by Holborn and 
Helming, by Marker and flexion (1008), and by 
Mueller and Burgess (1.01,0). The results of those 
investigators are in substantial agreement. Over 
the range 700 to 800 mm, pressure of mercury, 
the relation between tempera Lure and boiling, 
point may ho represented by the formula 
t~ts + 0'0()10(p - 780) - 0*00004!)(')) - 7C10) a , 
where t is the boiling - point at pressure p, 
t, the boiling-point at 760. * 

The freezing-point of zinc (4194° C.) is 
sometimes recommended, as a third fixed 
point instead of sulphur. 

1 Tho formula accepted hv the Tlolclminminii' in 
+0-0008(31 - 7o6) - 0-OOG 0.170)17C0)«. 
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As the sulphur-point is so well established 
and convenient to use, there do not appear to 
be very valid reasons for discarding it in favour 
of a freezing-point determination. 

§ (6) Construction of Platinum Thermo¬ 
meters. — Fig. 1 represents the original type 
of high - temperature resistance 
thermometer. Its chief defects are 
the considerable lag in its indica¬ 
tions and the liability to contami¬ 
nation of the platinum wire due 
to the fireclay former on which the 
coil is wound. 

Callendar and Griffiths devised 
the form on which the platinum 
coil was wound on a mica rack 
with leads of heavy platinum wire. 
A similar pair of wires to the 
leads, in the form of a loop, 
were laid alongside. This loop 
was connected in the opposite 
arm of the bridge so as to com¬ 
pensate for the resistance of the 
leads to the coil at all tem¬ 
peratures. 

Fig. 4 illustrates a hermetically 
sealed type of thermometer de¬ 
signed by Professor E. H. Griffiths 
for laboratory work of high pre¬ 
cision. By sealing the sheath it is 
possible to eliminate any possibil¬ 
ity of moisture condensing on the 
mica and impairing the insulation. 
Insulation troubles are frequent 
in high-resistance thermometers 
unless precautions are taken to 
prevent access of moist air. 

Of the various insulating 
materials hitherto investigated for 
high - temperature work, good 
quality mica has proved to be 
the most satisfactory for thermo¬ 
meter construction. 

Exposure to a temperature of 
about 1000° C. causes dehydration 
of the mica, which in consequence 
becomes silvery white and brittle. 
If reasonable care is taken it is 
quite satisfactory in this condition. 

(i.) Resistance Thermometers for 
Calorimetric Work. — For calori¬ 
metric work it is desirable to have 
a sensitive thermometer of small 
lag, so that its indication at any 
instant is a true measure of the temperature 
of the liquid. 

Thermometers of the type illustrated in Fig. 4 
are satisfactory provided the coil i3 made as light 
as possible and the sheath of very thin glass. 

With the object of reducing the thermometer 
lag to a minimum, Dickinson and Mueller 
have developed the type of thermometer 
illustrated in Fig. 5. 



The coil is wound on »* Ht ' r T 1,1 mi, ' a 



and enclosed in a sheath of silver tubing 
flattened down to fit it cdom-ly, 
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Electrical insulation is effected by tho use 
of strips of mica somewhat wider than that 
on which, the coil is wound. 

Tho leads arc made of thin strips of copper 
about one-tenth of a millimetre thick and two 
or three millimetres wide. 

If the thermometer is of the compensating 
lead typo the compensating loop is closed by 
a piece of the same platinum wire as that of 
which the coil is wound. 

All platinum joints arc made by fusing 
with an arc, using a pure graphite electrode, 
whilo tho copper platinum joints arc made 
either by welding or with silver, using borax as 
flux. 

In the head of tho thermometer a drying 
capsule is arranged containing phosphorus 
pontoxido. 

(ii.) Influence of the Purity of the Platinum .— 
A fairly accurate idea of the purity of the 
platinum wire may be formed from a 
consideration of its coefficients of resistance, 
Tho purest specimens give values of a (tho 
mean coefficient between 0° and 100° 0.) as 
high as 0-OOU89 and 8 about 1-fiO or slightly 
less. Impure wire, on the other hand, may 
give values of a only 00 per cent of tho above 
and of 8 up to I/O. 

The parabolic formula has boon found to 
hold rigorously when the purity does not 
vary very far from tho lirst-named values. 
When a thermometer is constructed of impure 
wire it is generally found that the zero will 
not remain constant after exposure to high 
temperatures, and consequently the reliability 
of the instrument is impaired. 

Since only a small quantity of the material 
is required, it is advisable to wind the coil 
of tho purest platinum obtainable. The heavy 
wire leads may bo of commercially pure wire. 

For work up to temperatures of C00° 0. 
silver loads are quite satisfactory, provided 
an. in termediate piece of platinum is introduced 
between tho line wires and tho silver, so as to 
avoid the risk of contamination in tho auto, 
genmis welding. 

Above (it)# (!. the volatilisation of tho 
silver causes contamination of the platinum 
ei'til and also deterioration of the insulation 
of the mica rack. 

(iii.) 'Pent of Insulation. Resistance, — Tho 
presence of moisture in the thermometer, due 
to a leak or to exhaustion of the drying 
material, may occur. The resulting phenomena 
are very characteristic and easily recognised. 
If the bridge, with the thermometer in circuit 
and galvanometer circuit closed and a key in 
the battery circuit, is balanced by adjusting 
resistance with the battery key dosed, them 
on opening the battery circuit there will bo 
a large dedication of the galvanometer, which 
gradually diminishes, and on dosing it again 
another large deflection in the opposite 


direction. Tho latter slowly diminishes if 
tho circuit is kept dosed. This phenomenon 
is readily distinguished from that due to the 
use of an excessive measuring current, by the 
absence of the galvanometer deflection in the 
latter case when the battery circuit is opened. 

I ho presence of moisture also reduces the 
insulation resistance between the coil and 
sheath. This insulation resistance is easily 
tested and should exceed 200 megohms. 

1 § (I) Resistance Bridges adapted for 
1 HEBMOMETura Work.—T ho requirements of 
platinum thermometry differ in many respects 
from those of ordinary resistance comparison 
work. 

Compensation for the' resistance of the 
leads necessitates tho use of a bridge with 
equal ratio arms. Another requirement is 
that it should bo capable of measuring changes 
in resistance to a high order of accuracy. For 
example, a thermometer constructed with a 
resistance coil of 2*C0 ohms at 0° will have an 
increase in resistance of about 1 ohm when 
heated to 100° G. Hence to measure tempera¬ 
tures to id, a- 0 demands resistance measurements 
'i fr,iv n oth of an ohm. 

t In practice this presents little difficulty, 
since balance to the nearest 0-05 is obtained 
by tho sot of coils, and final balance obtained 
by means of a bridge wire or set of shunted 
coils, 

In resistance thermometry wo are only 
concerned with changes of resistance; the 
absolute value of the unit employed is of 
little consequence, provided the relative values 
of tho coils arc accurately known. 

Methods of calibrating the bridge coils and 
wire are described later. 

Types of .'Resistance Bridges —(i.) Siemens' 
Three-lead Bridge. 

This bridge .is 
primarily of his¬ 
torical interest as 
representing tho 
first attempt to 
eliminate lead re¬ 
sistance in plat¬ 
inum thermometry 
work. 

Pig. 0 shows tho 
connections. 



The coils Q and 
S arc tho equal 
ratio arms. The 
thermometer coil 
P lias throe loads 
connected in the 


Pitt. 0,—Hlomcus’ Tlirco- 
Icatl Bridge, 

Q, and H, ratio arms; I\ 
thermometer coil; L a and 
Bn, equal loads, 

manner shown in dia¬ 


gram. 

The load L a is adjusted in the construction 
of the thermomoter equal to L a . When R 
is adjusted equal to P the bridge is balanced 
and the load resistance completely eliminated. 

The defect of this form of bridge is that a 
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slide wire cannot be used in connection with 
R to measure minute changes of resistance. 

This difficulty can, however, be surmounted 
by the use of a set of shunt coils of the type 
described later in connection with shunted 
coil bridges. One setting would then deter¬ 
mine the resistance and hence the temperature. 

Siemens’ procedure was to shunt one of 
the ratio arms and calibrate empirically. 

(ii.) The Gallandar and Griffiths Bridge .—The 
connections on this bridge are shown in Fig. 7. 

It was evolved for 
use with the com¬ 
pensating leads 
type of thermo¬ 
meter. 

In the latest 
type of bridge 
manufactured by 
P the Cambridge 
Scientific Instru¬ 
ment Co., mercury 
contacts of the form shown in Fig. 8 replace 
the usual plugs. 

The ends of the coil are soldered to brass 
posts terminating in mercury cups. A 
n-shaped bar is carried by a light spring, 



which is depressed when the weighted plug D 
is inserted into the hole G. 

In modem resistance bridges the coils are 
of manganin and immersed in well-stirred 
oil — a good grade of paraffin oil is quite 
satisfactory for this purpose. 

Manganin has an extremely small tempera¬ 
ture coefficient of resistance, and also a very 
small thermal E.M.F. against copper, in this 


respect affording a marked contrast to 
constantan or eureka, which, has an E.M.F. 
of about 40 microvolts per degree against 
copper. 

Manganin is, however, subject to gradual 
changes of resistance and consequently the 
coils require calibration from time to time. 

Recent experiments by Rosa and by Smith 
have shown that the shellac varnish coating 
of resistance coils absorbs moisture and in the 
accompanying change of volume strains are 
set up in the wire. To eliminate this effect 
of humidity, present - day standard coils 
are hermetically sealed, using moisture-free 
paraffin. This mode of construction might 
well be applied to the coils of resistance 
bridges. 

The bridge wire is usually of manganin, and 
both it and the contact maker are immersed in 
the oil. 

For industrial use the sensitive typo of 
resistance thermometer, bridge, and galvano¬ 
meter are out of the question, and several 
modifications have been evolved with a view 
to obtaining robustness combined with ample, 
if moderate, sensitivity. 

In the Whipple indicator the resistance 
box is replaced by a long bridge wire wound 
spirally on a drum. A sensitive pivoted 
galvanometer is fixed in the top of the case 
and balance obtained by rotating the drum. 
The instrument has a scale graduated directly 
in 0 0., and readings may easily be taken to 
about 1° in the range 0° to 1100" 0. 

(iii.) Calorimetric Bridge. —Messrs. Dickinson 
and Mueller have arranged the equal arm 
bridge 1 in a convenient form for calorimetric 
work. The wiring diagram is shown in Fig. 9 ; 
it will be observed that, while the balance 
of such a bridge is adjustable at three points, 
the contact resistance at these three points 
. are so placed as to have a minimum effect 
upon the accuracy of the bridge. 

The slide wire contact is in series with the 
battery. The contacts of the rheostats R 
and R t aro each in series with a ratio coil of 
200 ohms or over, where, oven though consider¬ 
able contact resistance were present, the 
percentage effect would be small. 'This 
arrangement of the Wheatstone Bridge also 
has the advantage of maintaining an almost 
constant resistance at the terminals of the 
galvanometer for all bridge settings, thus 
maintaining both constant damping conditions 
and deflections proportional to the want of 
balance for all bridge settings. 

The rheostat R provides for the adjustment 
of the bridge by coarse steps, and the rheostat 
Rj by fine steps, while the total continuous 
slide wire is properly proportioned to be 
equivalent in its total to one stop on R x with 

1 Manufactured by the Leeds and Northrup 
Company. 
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suitable overlap. The slide wire consists of 
eleven turns of manganin wire, wound spirally 
on a marble cylinder, providing in effect a 
continuous scale 240 inches long. Ten turns 
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of the slide wire are equivalent to one stop of 
the rheostat 1\. One half of the additional 
turn is located at the high end and the other 
at the low end of the scale, thus providing the 
overlap for steps on B„ One turn of the 
slide wire is equivalent to 4)1 ohm or approxi¬ 
mately -1° 0. in a thermometer whose'R is 
approximately 25*3 ohms. As there are 200 
divisions in each turn, $• of one division 
.(equal to a distance of -„V inch) is approxi¬ 
mately equivalent to 4)001° O. The rheostat 
Ri is composed of ten -1 ohm coils and hence 
covers a range of approximately 10° 0. by 
steps of 1° (!, The rheostat R is composed 
of ten .1 ohm coils, thus covering a range 
of 100° 0. An additional *5 ohm resistance, 
whoso principal function is described below, 
extends the range an additional 5° 0., thus 
making the over-all range 1.15° Cl. The coils 
of the rheostat R t must be adjusted to an 
accuracy of 4)0001 ohm, this being equivalent 
to 4)001° G. in the resistance thermometer, 
hence the plug of this decade may bo shifted 
during a test. On the other hand, the coils 
of the rheostat R arc each 1 ohm. To adjust 
these to an accuracy of •00001 ohm would be 
useless, since the manganin- will not remain 
constant to t o’o e por cent, which would bo 
the accuracy of such an adjustment. Hence, 
the plug of the rheostat R should not bo 
distributed during any one test. To guard 
against the necessity of disturbing R; a *5 ohm 
resistance, which may bo included in the circuit 
at will, is connected In series with the rheostat 
Rj,^ between the posts T„ and T B . If the 
initial temperature of a test requires a setting 
in the upper half of the rheostat R t with the 
thermometer lead connected, a rise of tempera¬ 


ture during the test miglit rcsadily' require the 
plug R to be moved in order to maintain 
balance. To avoid this, the thermometer 
lead may he connected at T fl ohm at the begin¬ 
ning of the test so that the 
balance point will be in the 
lower half of the rheostat R lt 

n.Ri _ | and a subsequent rise of 5° 0. 

ma . v ho measured without 
®©®®®© touching R. 

WwwWw-*— (i v.) Patentioma ter Method 

of measuring liesislame.—The 
I well-known potentiometer 

r °¥ method for determining resist- 
i ances, by comparison with a 

T_ 3 © standard, has been applied to 
resistance thermometry. 

** 1000 The thermometer coil has 

four leads: two current and 
two potential; the current from 
a steady battery is passed 
through a standard oil immersed 
resistance coil and the thermo¬ 
meter coil in series. By measur¬ 
ing the fall of potential across 
tho two coils separately, the resistances may 
be calculated in the usual manner. 

(v.) Smith's Difference Bridge ,—In this form 
of bridge the connections are so arranged 
that by two ob- 
sorvations and a f~ [-11—— 
reversal of con- S AA 
neetions the re- >5 I La 

sistance of the *-<5 (?) .TTrlp 

leads is eliminated 'Hu | 

without requiring * 

““f W ** wm , nhmmimm 

oi lead resistance. Bridge. 

I'ig. 10 shows P, thonnmnotor Coil; L u 
tho disposition of Turi’oiib lead; L a , potential 


-•Jr 2 

•551 p 


oflnwli 1 y h).-,Smith’s Diltence 

oi lead resistance. Bridge. 

I'tg. 10 shows P, thonnmnotor Coil; L u 
tho disposition of furnuit load; L a , potential 
tho briibm lead ; Lu, potential lead ; Lj, 

■ ,. WU, K° L T' current load: It, adjustable 
neetions for the arm of bridge; 8 and Q, equal 
first balance posi- ; *’ ™i> 

tion. P is tho 

thermometer coil with current loads L t and 
L, t and potential leads L a and L,,. 

Q and S are equal or nearly equal ratio 
arms, and R is tho 

-11- adjustable arm of 

q the bridge. 

l. '_ _ When tho lml- 

^ (jp anCG is obtained, 


h’JO. fl. 


P + L 3 = ^(R + L a ). 


The connections 
are then transposed by a mercury switch, 
so that the potential lead L 3 is disconnected 
from R and joined to 8 j L 8 to R; tho battery 
lead from L t to L 4 ; and P and R are 
interchanged. 

Fig, II represents the connections. 
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On rebalancing 

P-|-L 2 = ^(R' + L 3 ). 


Now Q has been adjusted during the con¬ 
struction of the bridge to be very nearly equal 
to S, so that we can put 

^ = (1 +ct), 

where a is a small quantity. Then 
P=®±^ + |{R-R' + L a -L s +a(B ) / +L*)f. 


If Q = S within 2 parts in 10,000, then 
a =0-0002. So that P is equal to A(R-l-R') 
within 2 parts in 100 millions, assuming L a = L a . 
If L 2 and L 3 each have a resistance of 0-1 ohm, 
but differ by 10 per cent, then the error 
introduced by neglecting a and taking the 
equation P = |(R-t-R') as exact is equivalent 
to about 0-0001° C. on a thermometer with 
F.I. of 1 ohm. 

The reversals which have been indicated 
above are conveniently made by means of a 
six-pole mercury contact-switch with connec¬ 
tions as shown in Fig. 12. Thick copper links, 
a, b, and c, are attached to an ebonite disc 
movable on a vertical axis. The change over 
is effected by lifting clear of the mercury cups, 
rotating through 90° and then lowering. The 
second position of the links is shown dotted 
in Fig. 12. It is, of course, easy to arrange 



Pig, 12.—Connections to Six-polo Mercury 
Contact Switch. 


Li, Lj, L fl , L 4 leads to the thermometer coil; Q 
and S, ratio arms; It, variable arm of bridge ; P, 
thermometer coil ; a, b, c, heavy copper links dipping 
into mercury cups. 


for the change in position of the battery load 
to be made simultaneously by contacts at¬ 
tached to the same disc. 

This bridge method possesses one unique 
advantage, insomuch that it eliminates load 
resistance without assuming absolute equality 
between the leads. On the other hand, it 
suffers under the disadvantage of requiring 
two settings for each resistance reading, and 
that six contacts have to be broken and made ; 
the contact resistances being assumed un¬ 
changed. 

If the leads are made very nearly equal, 
R and R' will only differ by an extremely 
small amount. This increases both the speed 
of working and the accuracy, since the above 
equation assumes reasonable identity in L 2 
and L 3 . 


Hence the bridge is primarily of value when 
working at steady temperatures. 

It will be observed that a bridge wire cannot 
be employed. Small changes of resistance can, 
however, be obtained by means of shunted 
coils. The principle of this method is illus¬ 
trated by Fig. 13. 

The ten coils CD each of 0-1 ohm are in 
series ; any number of the coils EF can be 
placed as a shunt across the corresponding 
number of coils in CD by moving the bar A H. 

Consider the bar in ___ 

the position marked O. 

We have then ten 0-1 
ohm coils shunted by 
ten coils of 9-9 ohms 
each. 

So the effective resist¬ 
ance is S? 0 AlalE5 3= 


cf 


1 

X 

Hence 


99' 


•? 


X =0-990. 


Pig. 13.—Diagram of 
Shunted Coils (Smith 
System). 


AB, movable cross¬ 
bar ; CD, coils of 0-1 
olun each ; EF, shunt 


Suppose now the bar 
AB is moved to position 
marked 1. 

We have now one coil colls (0-0 ohms each), 
of 0-1 ohm in series with 
nine coils of 0-1 ohm shunted by nine coils 
of 9-9 ohms. 

Hence, if Y is the effective resistance of the 
hunted portion, 

1 _ 1 1 
Y 0-9 + 89-!' 

Y=0-891. 


So that the total resistance is given by 
0-1 + 0-891 =0-991. Hence moving the bar 
one step has increased the resistance by 0-001 
ohm. 

Similarly it can bo shown that each step 
has a corresponding effect, so that the arrange¬ 
ment is capable of giving a total increase of 
0-01 ohm distributed over ton steps. 

It is obvious that the studs could be dis¬ 
tributed on a circle, so the movement of AB 
would bo one of rotation. 

Fig. 14 illustrates the R arm of a bridge 
constructed on this principle. Coils of 0-01 
ohm and upwards (apart from the dials) have 
mercury contacts bridged by n -shaped piee.es 
of copper. 

The three dials are employed to produce the 
small changes of resistance. 

The contact-brushes enable one or more of 
the lower resistance coils to bo shunted by the 
higher resistance ones, the shunting producing 
a diminution of the total resistance. 1 


1 As will be explained later, in constant-current 
bridges the arm li is decreased in resistance with 
increase in resistance of the platinum thermometer. 
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This device of shunted coils does not involve 
any great accuracy in the adjustment of the 
coil values. 

Tor instance, consider the 0-001 ohm dial. 
Nominally the coils composing this dial are 
exactly 0-1 ohm and 9-9 ohms. If, however, 
the coils are badly adjusted so that, instead 



FlO. 14-.— Diagram of R Arm of Bridge. 

The resistance coils in the three dials are as follows : 

Bor the 0-001 dial ten resistances of 0-1 ohm each 
and ten of 0-0 ohms each. 

.For the 0-0001. dial ten resistances of 0-05 ohm each 
and ten of 24-05 ohms each. 

.For the 0-00001 dial ten resistances of 0-01 ohm 
eacli and ten ot 0-90 ohms each. 


of a resistance coil being 9-9 ohms, it is 9-95 
ohms, the change when this coil is used as a 
shunt resistance would he five millionths of an 
ohm less than 0-001. 

§ (8) Tismi’miatum Control. —While, in 
work of the highest precision, it is necessary 
to control the temperature of the bridge coils 
within narrow limits, a fair degree of accuracy 
may bo obtained by applying temperature 
corrections to the coil values. With manganin 
coils of good quality measurements can be 
made to about 1 part in 2,7,000, if tho coil 
temperatures are known within 1° or 2°, and 
the indications of a mercury thermometer with 
its bulb near the coils should give tho coil 
temperatures within this limit. 

Tor great accuracy the bridge must ho 
mounted in an oil bath and thermostatic 
control employed. A convenient arrangement 
is to have the motor for circulating the oil 
mounted on the bridge top with its axis 
vertical, and coupled a screw propeller working 
in a vertical tube, which also contains a heating 
coil. Tho oil is circulated through the tube, 
along tho bottom of the box under a false 
bottom, thence upward and past the coils, and 
through the tube again, A liquid-in-glass 
thermo-regulator is mounted on the lower side 
of the false bottom. 

Resistance measurements on a copper coil 
mounted in the bridge similar to the sealed 
coils used tor the 10-ohm and 1-ohm decades, 
and, arranged so that its resistance could he 
measured with tho bridge, have shown that 
in such coils tlm II actuations in the tempera* 
iure, as tho regulator operated, are almost 
completely damped out, 


§ (9) Heating Ejuteot or the Current 

PASSING THROUGH THE THERMOMETER COIL.— 
In order that the thermometer bulb may be of 
small dimensions and the thermometries lag re¬ 
duced to a minimum, the coil must be made of 
wire of about 6 mils in diameter, consequently 
tho heating effect of the measuring current on 
the value of the resistance is quite appreciable. 
The bridge coils are sufficiently heavy and well 
cooled to mako the effect on them negligible, 
hence the limiting value of the current is 
determined solely by considerations of the 
thermometer coil. 

At any given temperature the increase .in 
resistance is proportional to tho square of the 
current. 

The same expenditure of watts at different 
temperatures does not, however, produce tho 
same heating effect, since the rate of cooling 
of a surface by convection and radiation is a 
function of its absolute temperature. 

The precise laws governing the phenomenon 
have not yet been investigated, and it is only 
possible to approximate to a constant heating 
effect for all temperatures by keeping tho 
current through the thermometer constant, 

Callendar states : “ Tho cooling effect of 
conduction and convection currents in air in 
the thermometer tube increases nearly in pro¬ 
portion to the absolute temperature. The 
clfeot of radiation also becomes important at 
high temperatures, and the cooling is then 
more rapid. If, therefore, the watts are kept 
constant, the heating effect will- diminish as 
the temperature rises, and a small systematic 
error will ho produced. Assuming that tho 
rate of cooling increases as the absolute tem¬ 
perature 0, and that the watts are kept con¬ 
stant, tho heating effect at any temperature 0 
is 27 iih/0, where h is tho heating effect in 
degrees of temperature at 0° 0.” 

This train of reasoning led Oallondur to 
conclude that a better rule is to keep the 
current through the thermometer the same at 
all temperatures, as in that ease tho heating 
effect also is nearly constant, if the current 
Hows sufficiently long for the steady state to 
be attained. 

The table below shows tho heating effect of 
the measuring current on two thermometers, 
using a current of 0-1 amp.—a current ton 
times larger than that customary in precision 
work. 


Tompomfcuro, 

0* 

Increment of Temperature 
above Him-mmuings 
(1 Mametor of Wire -15 mm.). 

0 

1-02° 

100 

1-08 

444*15 

1-85 
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Hence, for the usual value of current -01 
amp. the rise would be •010°, -017° at 0° and 
100° respectively. 

The above values are of course only strictly 
applicable to the particular thermometers in¬ 
vestigated. 

To eliminate the effect, the following rule 
has been proposed by Callendar: “ Take 

away one-third the difference in reading when 
the battery consists of two secondary cells in 
series and in parallel from the reading when 
in parallel.” 

§ (10) Modification of a Bridge to 
obtain Constant Current through the 
Thermometer. — To satisfy the condition of 
constant current through the thermometer at 
all temperatures it is necessary either to vary 
the resistance in series with the battery accord¬ 
ing to a calculated table or arrange the bridge 
so that the resistance of each arm remains 
constant. 

To effect this it is only necessary to make 
the value of the arm R a fixed value greater 
than the maximum ever attained by the ther¬ 
mometer coil, and then insert a variable re¬ 
sistance (plugs and dials) in series with the 
thermometer to form the other arm of the 
bridge. Under these conditions an increase in 
resistance of the thermometer coil is counter¬ 
balanced by a decrease in the variable resist¬ 
ance. In such a ease the arm R may he 
composed of simply one coil of the required 
value. 

The system of coils shown in Fig. 14 is 
arranged for tins purpose. 

§ (11) Determination of the Bridge 
Centre. —In thermometers of the compensated 
lead type it is necessary to determine the bridge 
centre from time to time, as this is the base 
point from which the resistance is measured. 
For this purpose the P ls P a and C 1( C 2 ends 
of the leads should be short-circuited at the 
thermometer head. Any change with time 
in the resistance of the flexible leads can 
thus he detected. It is scarcely necessary 
to point out that the leads from the bridge 
to the thermometer should he approximately 
equal in resistance and the junctions well 
made. 

§ (12) Elimination of Thermoelectric 
Effects. — One of the troubles of precision 
resistance measurements is the thermoelectric 
effect in the circuits, particularly under condi¬ 
tions where there are big temperature gradients 
in the thermometer head. The magnitude 
of the effect is readily seen by closing the 
galvanometer key with the battery circuit left 
open. The galvanometer spot under the 
circumstances will generally take up a new 
position, and the movement is a measure of 
the thermoelectric effects in the system. 

It is the practice, therefore, to work with 
the galvanometer circuit always completed and 


observe the deflection when the battery circuit 
is made or reversed. 

Reversal of the battery is preforablc, since 
this procedure permits the heating effect of 
the current on the thermometer to become 
settled, and thus eliminate the initial drift 
when the battery is first made, owing to the 
heating effect of the current on the resistance. 

To eliminate induction effect Professor E. II. 
Griffiths devised a thermoelectric key. In this 
key there is a series of spring tongues so 
arranged that the galvanometer circuit is 
always made. When the key is depressed, 
the galvanometer circuit is broken moment¬ 
arily, the battery circuit completed, and theu 
the galvanometer circuit remade. By this 
sequence the galvanometer circuit is open 
during the period the current is growing in 
the circuit, and consequently there is no in¬ 
ductive kick of the light spot. It is easy to 
arrange a battery reversal key on the same 
principle. 

The various junctions and connections in 
the keys are a frequent source of thermal 
E.M.E., so it is advisable to thoroughly box 
in the entire key including the terminals; 
some observers have even found it desirable 
to immerse the key in oil with only the handle 
projecting. 

With the non-inductive windings of the 
resistance colls now used the induction effect 
is usually negligibly small, so it is sufficient 
to have a plain battery reversal koy with an 
“ oil ” position. 

§ (13) Calibration of Box Coils and Bridge 
Wire. —For platinum thermometry work the relative 
values only of the coils and bridge wire arc of import¬ 
ance. Tlie method of calibration is closely analogous 
to that employed for the standardisation of a sot 
of weights. 

Instead of a thermometer a variable rheostat is 
connected to the P x , P 2 terminals of the bridge. This 
resistance must bo capable of find adjustment; a 
convenient typo which can readily bo constructed 
is shown in Fig. 15. It consists of four dials of 10 
coils each, the coil values being ()•! ohm, 1 ohm, 10 
ohms, and 100 ohms respectively. A trough of 
mercury with a O-shapcd piece of copper permits 
of fine adjustments. 

The method of construction will bo readily under¬ 
stood from the diagram. Each coil terminates in 
meroury cups, so that a movement of the bar outs 
out any number. The coils of course need not bo 
accurately known. 

As an alternative, ordinary 1\0. resistance boxes 
may be used, one box forming a slmnt on the other. 

This method of successive shunts is, however, 
rather laborious. 

(a) Calibration of the Bridge Wire ,—To the 
terminals 0, G of the bridge is oonnootod a short 
length of resistance wire terminating in two massi ve 
pieces of copper, wliioh are drilled to oontain meroury 
oups. Then by the insertion of a Pi -shaped pieoo of 
copper the resistance wire can be short-circuited 
without interfering with its connections to the bridge. 
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The resistance of the wire should be about 1 unit 
of the bridge wire. 

Tiie varinblo rheostat is adjusted to bring the 
contact maker to one end of the bridge wire; to 
effect this it will generally bo necessary to withdraw 
a plug from the box. 

The bridge is balanced in the usual manner. The 
calibrator coil (connected to C, G) is then short- 
circuited and balance again obtained at a distance 
about 1 unit away on the bridge wire. The operation 
should be repeated a few times. 

ihe rheostat is readjusted so that a new position 
is taken up on the bridge wire adjacent to the second 
balancing point and the operation repeated. By 
a series of such steps the entire length of tho bridge 
wire may bo covered. 

If we suppose r to be tho resistance of tho calibrator 
ooil and l v l, t tho lengths of wiro corresponding to it 
at various points, then 

1 

- <x.r, otc. 

h 

Honeo. by plotting graphically tho reciprocals of 
hi h> otc., as ordinates with the mean bridge wire 

WO Ohms each 10 Ohms each 

I . k til. 


Assuming oofi 1280 to be the highest in the set. 

Then we obtain the following scries of equations : 

Coil 1280- (coils 040 to 5)=ar 8 
Coil 640 - (coils 320 to 5) =a- K 
Coil 320- (coils 100 to 5)=a: 7 , etc. 

By subtraction— 

Coil 1280 - 2 x coil 040 =.r D _ * 

Coil 040 - 2 x ooil 320 =* 8 - a: 7 

t° Coil 10 - 2 x coil S =a; 2 - x v 

Now tho values of aq, ® 8 , . . . in terms of coil 
5 are already known from tho previous operations 
in connection with the bridge wire calibration. 

Henco tho values of coils 640 to 10 in terms of 
coil 5 may be found. 

Knowing the values of all tho coils in terms of 
coil 5, it is then easy to express them all in terms 
of tho mean coil, and lienee in terms of tho mean 
box unit, a corresponding correction being made in 
tho integrations of tho bridge wiro. 

It is preferable, however, to express the coils 
in torms of tho international ohm, and this, of 

/ Ohm each 0-1 Ohm each 



Bid. 15. 


reading as abscissae, a curve can be obtained repre¬ 
senting tho variation in resistance per unit length 
along the bridge wire. 

The values can bo converted into those of the 

moan box unit referred to below, by obtaining 
the resistance of a length of tho bridge wiro in terms 
of one of the box coils by the usual substitution 
method. 

(/)) Calibration of the Box Coils .—Bor convenience 
it is assumed that the coils are arranged on tho 
binary system, and that tho nominal values are 5, 
10, 20, 40, 80, etc. 

Balance is obtained at any convenient place on 
tho bridge wire by adjustment of the variable rheo¬ 
stat ; plug 5 is then withdrawn and the change of 
bridge wire reading to restore balance observed. The 
rheostat is readjusted to bring the balance point 
back to approximately the same position ns when 
plug fi was in; plug 10 is then withdrawn, plug 5 
inserted, and the change in bridge wire reading 
observed as before. 

The same procedure is followed until the difference 
between tho highest coil in tho bridge and tho sum 
of the series below is obtained in terms of a length 
of tho bridge wiro. 

Bet tho successive differences in bridge wire read¬ 
ings be x v x t , . . . x a . 


course, can be dono by ascertaining tho resistance of 
a standard coil, say 10 ohms, on the bridge. 

By expressing tho ooils in terms of an absolute 
standard it is possible to keep note of tho variations 
with time in tho ooils. 

Tho same procedure is followed in tho calibration 
of a bridge fitted with a set of shunted ooils instead 
of a bridge wire. Bor the shuntod coil dials tho 
changes of tho shunted coils are of far less importance, 
and there is little difficulty in adjusting them to tho 
required degree of accuracy. 

They possess tho advantage of not boing subjected 
to wear, as is the case with a bridge wiro. 

§ (14) Standardisation or a Resistance 
Thermometer.— For temperatures up to 000° 
a platinum resistance thermometer is gener¬ 
ally . standardised at the temperature of "melt¬ 
ing ice (0° 0.), of the vapour of water boiling 
under normal pressure (100° C.), and of the 
vapour of sulphur boiling under normal pressure 
(444-5°). 

For tho ice-point tho thermometer should 
be . well immersed in finely - crushed ice 
moistened with water. Unless the thermo¬ 
meter has been carefully sealed or provided 
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with a drying tube to prevent access of moist 
air prolonged exposure to the low temperature 
will cause electrical leakage owing to the 
deposition of moistuie 
ft on the mica. 

K?* Th e steam-point is de- 

—j i— termined in a standard 

n form of hypsometer 

r g such as that shown in 

? Fig. 16. It is advis- 

; > able to take precautions 

: : : to prevent escape of 

steam rising around the 
■ : head of the thermo- 

: meter, as the thermal 

: effects produced are 

- ■. apt to he trou blesome. 

|jp = : —3 Alternate readings of 

i— u '~ J= \ the barometer and 

Bp bridge should he taken, 

^ and correction made if 

~~ necessary for the differ- 

Fig. 16. enC e in level of the 

mercury cistern of the barometer and 
hypsometer, if the difference in level is 

considerable. 

§ (15) The Sulphite Boiling-point. —Ex¬ 
periments with platinum resistance thermo¬ 
meters have shown that it is possible, to 
measure the temperature of the sulphur boiling- 
point with a precision of a few lOOths of a degree 
without difficulty. Consequently it is advan¬ 
tageous to specify the conditions under which 
the sulphur boiling-point is taken, so that the 
point is reproducible to this degree of accuracy, 
even although its absolute value may not, at 
present, be known to a better than j of a 
degree. During the past twenty-five years 
an immense amount of study has been, given 
to the sulphur boiling-point apparatus so as 
to ascertain the magnitude and effect of any 
variations in conditions. The same precau¬ 
tions that have been found to be necessary 
in taking the sulphur boiling - point are 
applicable in a lesser degree to any other 
boiling-point determination, hut the sulphur 
boiling-point, on account of the fact that 
it serves as the third fixed point for de¬ 
fining the temperature scale between -4.0° 
and + 500° 0., has received the most exhaustive 
study. 

Callendar and Griffiths, in the course of 
their work on the development of the resistance 
thermometer method, found that the tube 
of a Meyer apparatus was well adapted for 
boiling the sulphur. See Fig. 17. 

They also found it necessary to fit the ther¬ 
mometer with an asbestos or aluminium cone 
as shown in Fig. 17. This cone serves two 
purposes: (1) It prevents the condensed 

sulphur from running down over the bulb 
and cooling it below the temperature of the 
surrounding vapour; and (2) it eliminates 


direct radiation from tlm bulb to the colder 

walls of the largo tube. _ 

They made a careful investigation ot those 
effects; the error |r 

due to the first If 

cause was found TlfT° 

to be a 1)out ill I 

0-28°, while that 111 ___ 

clue to the ||lIII $j 

second o a u h o I j | 

amountod to li t-J I 'rj ft 

0-49°; con sc- 1 'S|J| \ 

quently an un- IJ till l-V \ 

protected ther- 3 / V !$ 'ft 

momoter would J !|| ,; a \ 

read noarly .a # l 'ti ft 

degree low in tt b|| | ’;i ft 
sulphur. ft 

Eeoontly a 

special study of '<2+/ 

the typo of mdia- Kin. .17, 

tioii shield to lie 

om ployed iiround the thcrnioiuotor lniH been hum If 
by Mueller and Burgess. 

‘ The various forms of shields investigated are shown 
in Fig. 18. It was noted that the iron shields, eit her 
with or without the lower disc, gave practically the 
samo value for the temperature. It was, however, 
found that when a polished shield of the simple 
oono typo was used the readings were *2" low with 
a glass thermometer, and -02" low with a porcelain 
enclosed thermometer. This elTeut was first ob¬ 
served by Meissner, and shown to be dependent upon 
the reflecting power of the interior of the shield. 
When tho aluminium cylinder type wan employed 
with tho walls sharply corrugated to form a. series 


Umbrell* UmDrcIWt Knwitleta UinDnsU 
Cyllwlet ami blmsM <»o.l 
find lumlite UiimiK-iltd 

Blue Cylinder tililsM 


of wedges, which is l,hen-fore a good radiator, it 
was found to be as effective ns the other shields, 
Inadequate shielding is also usually mieompanied 
by considerable variations in temperature, some* 
times amounting to 0-1", when the thermometer is 
displaced vertically, hut the absence of siteh Varia¬ 
tion is not necessarily proof of adequate shielding, 
Nor does it prove that there is no superheat lug 
of the vapour, as in one instance cons taut tempera- 
turns were observed with a displacement of 4 tun. 
whore, owing to Insufficient depth of liquid sulphur 
in the tube, tho vapour was superheated about 
0-5°, 

From their investigation Mueller ami 
Burgess came to the conclusion that a simple 
sheet-iron cylinder from 1| to 24 tun. larger in 
diameter than the thermometer tube and alumfc 
4 cm. or more longer than the coil, open below 
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and with an umbrella above, was the most 
satisfactory form of shield, which is practi¬ 
cally the same as that originally devised by 
Callendar and Griffiths. The umbrella should 
it the thermometer tube closely and extend 
loyond the end of the cylinder, leaving a space 
o mm to 1 cm. high between the umbrella 
and cylinder for circulation of the vapour. 

§ ( 16 ) Specifications of Sulphur Boiling- 
point Apparatus. — The following specifica¬ 
tions proposed by Mueller and Burgess as 
the result of their experiments are primarily 
directed to be of assistance in obtaining 
standard practice in resistance thermometer 
calibration : 

“ 1. Boiling Apparatus— The boiling tube is of 
glass, fused silica, or similar material, and lias an 
internal diameter of not less than 4 nor more than 
om * 1110 lun g t!l i»™1> bo such that the length of 
tlie vapour column, measured from the surface of tho 
liquid sulphur to tho level of tho top of the insulating 
material surrounding tho tube, shall exceed tho 
length of tho thermometer coil by at least 20 cm i 
Heating is by any suitable heater at tho bottom 
ot the tube,, and tho arrangement must bo such 
that the beating elemont, and all conducting material 
m contact with it, terminate at least 4 cm. below tho 
level of the liquid sulphur. If a flame is allowed to 
impinge directly on tho tubo tho heat insulation must 
extend at least 4 om. below the level of tho liquid 
sulphur. There should he a ring of insulating material 
a love the heater, fitting the tubo closely, to prevent 
superheating of tho vapour by convection currents 
outside the tube. Above the heater the tube is sur¬ 
rounded with_ insulating material, not necessarily in 
oontact With it, and of such character as to provide 
heat insulation equivalent to a thickness of not less 
' inn 1 cm of asbestos. Tho length of this insulated 
part has already been specified. Any device used to ! 
oiosC' the top of the boiling tube must allow a freo 
opening for equilisatkai of pressure. 

“ 2. Puritij of Sulphur,— Tho sulphur should eon- 1 
tain not over 04)2 per cent of impurities. It should ‘ 
bo tested to detormino whether selenium is present. \ 
' * Shield, —The radiation shield con- 

sists of a cylinder open at both ends, and provided 1 
with a conical umbrella above. The cylindrical 1 
part is to bo 1-5 to 1545 om. larger in diameter than g 
the pro tooting tuba of tho thermometer, and at least , 
1 om. smaller than the inside diameter of tho boiling ' 
tube. 1.1,0 cylinder should extend 145 om. or more n t 
beyond the coil at each end. Tho umbrella should 
it the thermometer tube closely, should overhang a 
the cylinder, and he separated from the latter by a 
space 045 to 14) om, high. The inner surface of tho ^ 
cylinder must be a poor rollootor, such as sheet-iron, f,i 
blackened aluminium, asbestos, or a deeply oorru- b 
gated surface. n 

“ 4 ’ l >roc cdurc. —Tho sulphur is brought to boiling, 2 ^ 


* Side view 
of A 

enlarged 


5 , and 4ho b'^hig is so regulated that the condensation 
me is sharply defined and is I cm. or more above 
the level of tho top of the insulating material. The 
thermometer, enclosed 
in its shield, is inserted |~| 

into tho vapour, talcing j~ [I 

care to have tho tlier- sr 

mometor coil properly [ 

located with respect to 

tho shield, and tho J (ijO'c!) 

thermometer and shield ; j 

centred in tho boiling I ! Top view 

tube. After putting the ; | o&pe. enlarged 

thermometer into tho ’ 1 \ 

vapour, timo must ho '< ’ J v-mir 

allowed for the lino of ; / Llllil 

condensation again to ! | Jh /side view 
reach its proper level. I - J O i ordained 

Simultaneous readings J Q f) Cl 

of tho temperature and I"! &*T%) a 

barometric pressure are 
then made. In all oases 1 

oare should ho taken to Qqjjjf fi \| 
prove that the tern- rtJrq-R 3 ] 

porature is not affected Tij:' I ft w\ 
by displacing the tlier- Pjrfl j&'ljHjJ 
mometor 2 or 3 om, up h'yJ f <wi 

or down from its usual iji 1 ? 

position. 1 1 "Xf/i lii 1 ■ b 

“ S. Computations .— MU 'fyi fuf , -ty : 

Temperatures 3 are oal- I ;;<■■ .!») f 

oulatod from the press- I hjjij+aj I* 

uro by use of the formula 0 J/ J-i| | . jP ~ n 

+0-0010 (p-760) I V VhI-M / f 

-0-000040 (y-VOO)*. ^ H 


1 Ibis length was arrived at us follows - The 

bottom'of * the U qhi ,m 01n tll .° surface to the 

lm.i'inMp , i 10 , , shicl( l win taken as 0 cm.: excess 
n 1 P/.sblcld over length of thennoinoier coll 
0 cm ^^pMngthermomntor 

of top of ISSmfSf. fr0m t0I> ° f 8llk!ld t0 l0Vt!l 

+i,! K^ 10 bas been allowed to solidify in 

the bottom of the tubo, it must bo molted front the 


If necessary, account 1 / ! 

should bo taken of any ■ . jvj... —■ 

difference in pressuro 

between tho levels at I , ..g w j— fr — 

which tho thermomotor 

bulb and the open end IT 

of the barometer re- 

speotively are located. ~T1 

Pressures are to bo ox- ™ 

pressed in the equivalent 

millimetres of mercury at 0° and under standard 
gravity (,7=9804)65).” 

Example of Method of Reduction of Observations 
taken in the Standardisation of a Platinum Thermo- 
meietr — I ho resistance observations were correc ted 
for the errors of tho coil values, tho temperature, 
ami the value of tho bridge centre deduced. 

was h57'o 1*0 u* 0, f at tl10 tc,n P° Ittturo of molting ioo 

|' f T, downwards, to avoid breaking tho tube A 
hotter procedure is that recommended bv Boliio 

m the tube makes an angle of !)()" 

the horizontal, so that the Hulnluu- 
on solidifying extends along tho sldeB of the tubo 
in which position it may be melted down with loss 
danger of breaking the tube. Even when the pwh 
unluie recommended is followed, breakage of tubes 
may ho reduced hy carefully melting tho sulphur 

Srtvi m hot m « W i r ‘n 0VOT ^ Biinflonburner before 
uppAyinK boat to it in the apparatus. 

f Xntenational agreement has not vet boon 
bSltog.point.* 0 * 10 valuo t01)6 aSG1 ' lbod to tho sulphur 
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In steam the resistance was 357'953. 

The barometric height during the steam-point 
observations was 766-26, and the temperature of the 
mercury column and scale 17 -55° C. 

The barometric height has to be reduced to that 
corresponding to a column at 0° in latitude 45°. 

Tables are available for this reduction in the case 
of standard types of barometers possessing a brass 
scale, such as the Fortin type. 

The correction for temperature in this case is 
-2-19 mm., while the latitude correction is approxi¬ 
mately +045 for places on the parallel through 
London. Hence the corrected value of the pressure 
is 764-52 at 0°, latitude 45°. 

The boiling-point of water under a pressure of 
764-52 mm. is 100-1654° C. according to Broch’s 
recalculation of Regnault’s observations. 

Hence increase in resistance for a temperature 
change from 0° to 100-1654° 0. =100-037 units. 

To obtain the value of the F.I. the resistance at 
100° G. is required. 

5R for 0-1654= ^KTFFa * 0 ‘ 1654 x °' 985 =°- 163 - 
100-1654 


[The coefficient 0-985 is the value of (A pl)/A(l) 
near 100° C. for a thermometer of 5 = 1-50. The 
general formula is 


(A pt) 
AW 


/ 2<-100 

V 0 io,666' 


)} 


Hence R 100 = 357-790, 

so that R 100 -B 0 sF.I. =99-874. 

The resistance in sulphur was 679-165, and the 
barometric height 766-23 at 17-5°. Correcting for 
temperature (-2-19 mm.), and latitude +0-45°, 
barometric height at 0° and latitude 45° = 764-49 
mm. For this pressure the boiling-point of sulphur 
at this temperature is 444-94° C. 

The platinum temperature (pt) corresponding to 
the above value of the resistance is 


679-165-257-916 

99-874 


=421-78° C., 


so that <-j9<=444-94-421-78=23-16. 
Now 


\(-- 

L\100 


Hence 


* 1=15-347 for <=444-94. 
100J 

23-16 

5= i^tr 1,5L 


§ (17) Determination oir Low Tempera¬ 
tures BY MEANS OP RESISTANCE THERMO¬ 
METERS. —Holborn and Wien in 1901 extended 
their previous comparison between the gas 
and platinum thermometers between 0° and 
500° 0., by making comparisons at -78°C. 
and -190° 0., temperatures obtainable by 
the use of solid C0 2 and liquid air. The coil 
of the platinum thermometer was enclosed 
within the bulb of the gas thermometer, so 
as to minimise the error due to the slowly 
varying temperature. They found that the 
parabolic formula obtained by standardising 


in ice, steam, and sulphur vapour represented 
the gas scale between -78° and 500° C., but 
below - 78° 0., deviated; the divergence 
amounting to 2-3° at -190° 0., the platinum 
thermometer reading too low. 

Travers and Gwyer, in 1905, made compari¬ 
sons at the same two temperatures with 
improved apparatus of greater sensitivity. 
They found the departure of the platinum 
thermometer at -190° C. to bo 2-23°, a value 
in close agreement with that of Holborn and 
Wien. 

Henning, in 1913, carried out a detailed 
investigation over the range 0° to - 200° G, 
The comparison was effected between the 
hydrogen gas thermometer and a number of 
platinum thermometers constructed of wire 
of varying degrees of purity. The lowest 
temperatures were obtained by means of 
liquid air baths, while the intermediate 
points were obtained in a bath of alcohol or 
petroleum ether cooled by liquid air. 

His experiments showed that the parabolic 
formula was not valid below -40° 0., and, 
moreover, that platinum thermometers con¬ 
structed of wires of varying purity were not 
consistent, but gave results differing by as 
much as half a degree when immersed in the 
same bath, if the observations wore reduced 
by the parabolic formula obtained from the 
ice, steam, and sulphur points. 

He found, however, that the scales of two 
different thermometers could be connected 
over this range by a formula involving only 
one constant, and that the constant could be 
determined by a comparison of the thermo¬ 
meters at a single temperature. 

Thus, if platinum temperatures pi' and pt 
are deduced from observations with two 
thermometers compared at the same tempera¬ 
ture, the following empirical relationship holds 
good : 

pt' - pt = cpt(pl ~ 100). 

The constant c may be obtained by a 
comparison of the two thermometers at one 
low temperature, as, for example, in a liquid 
air bath. 

Although the above formula would appear 
to require for its evaluation the use of a 
standard platinum, thermometer whoso scale 
has been directly compared with the gas 
thermometer, it is possible to utilise Henning’s 
data by making the assumption that Iris 
gas thermometer would give the accepted 
value - 182-9 S ° G. for the boiling-point of 
oxygen. 

The curve in Fig. 20 is plotted from data 
given by Henning for his standard ther¬ 
mometer, whose a was a=0-0039150 and 
5 = 1-484. 

Hence, if a platinum thermometer has to be 
calibrated down to low temperatures, it is 
only necessary to determine the resistance 
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in ice, steam, sulphur vapour, and boilinv 
oxygen. " 

Hie departure of the scale at the oxygen- 
point can then be compared with Henning’s 
value at t ~ - I82-9 r ° C. : 



-200 -130°-1 G0° -120° -80“ - 

Temperature (hydrogen scale) 

In the table below the. values of a, 5, and c 
are given for the various platinum thermo¬ 
meters tested, and it will be observed that 
there is no obvious connection between o and 
the d of the parabolic formula. 


1-510 -0-08 

0-38874 1-402 +O .Q0 

0-‘!»131' 1-401 +0-0 

1-401 . o n 

"•-•10150 1-484 0 

0-30134 1-480 _q,]o 

. 0 ' :WI4;} ^ + 0-10 

!} ( 18 ) .EXTHAI*or,ATION OP THIS SllAUO 01? TI110 
Tiii.:rmo.mktj-:h for, tiik Dmtmr- 
•MlNATIO'N OP Himr - TMtoraiATTJIlH Mkltxng- 

r k , of IIoyf,ook mA Novflio 

xm nod lately followed that of their colleagues 
fT 1 !- aild Ih'dhtliH, and was primarily 
duocted towards the determination of the 
H'oozmg-pomtH of metals and their alloys. 

mn/w n i<?i o Ur0 tom l>«aturef) in tlm vicinity of 
uiuu U, it was necessary to extrapolate' the 

parabolic formula over a range of 400° 0. 
since at that time there were no reliable 
determinations of the melting-points of metals 
m terms of the gas scale. 

Eor example, gold, a metal obtainable in a 
stato of lngh purity, bad, according to .Baras, 


a freezing-point value of 1093° C. This was 
determined by means of a platinum vs, 
platmuin-iridmm couple calibrated in terms 
ot a gas thermometer. Holbom and Wien 
at the same time (1892) and employing an 

±o°oV den - Cal method - stained tlie value 
1U72 L., a discrepancy of 21°. 

Heycock and Neville investigated the 
freezing-point of gold among those of other 
metals, and their work showed that it gave 
a sharp, well-defined transition point which 
renders it an excellent “ fixed point ” for 
calibration purposes. 

Employing thermometers constructed of 
wire of various degrees of purity and reducing 
the observations by the parabolic formula, 
they obtained the values given below: 

Freezing-point op Gold. Purity 80-05 Per Cent 


Thermometer 
E umber. 

Platinum, 
Tempera¬ 
ture 0 0. 

S. 

d—t — wl 
° G, 

13 

908-7 

1-500 

153-2 

15 

852-9 

2-040 

208-3 

18 

900-7 

1-574 

180-7 

13a 

903-3 

1-553 ' 

158-0 

14 

907-7 

1-511 

154-3 


W eighted men 


. T j us value for t] ie freezing-point of gold is 
m close agreement with, the recent determina¬ 
tion of Day and Sosman, 1062-4° C. 

A comparison of the most reliable recent 
determinations of the freezing-points of the 
metals, expressed on the gas thermometer 
scale, with those obtained previously by 
Heycock and Neville proves conclusively that 
thermometer standardised at 
0 , 100 and 444-5° C. will give temperatures 
identical with the gas scale up to 1080° C. 
within the limits of experimental error to 
which the gas thermometer scale is known. 

Ibis is further confirmed by several direct 
comparisons betwoen the resistance thermo- 
motor and the gas thermometer over the same 
range. 

The application of resistance'thermometers 
to the determination of high - temperature 
freeze-points is an operation which requires 
considerable care if results of the highest 
order of accuracy are desired. 

The thermometer usually has a bulb of 3 
to 4 cm, in length and enclosed in a heavv 
porcelain sheath. Consequently it is necessary 
to allow for a depth of immersion of from 0 to 
8 cm. m the metal. .Further, the rate of 
cooling should be slow, to diminish posaihlo ■ 
error duo to lag. Heycock and Neville state 
that the freezing-point of gold could bo read 
,v, n,,T 7 li;hoi,fc difficulty. In a study of the 
elieot of high temperatures on the constants 
of platinum thermometers they found that 
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the first few heatings to 1000° C. increased 
both the E 0 and the F.I. This.effect they 
ascribed to the thickening of the mica plates 
after exposure to the high temperature and 
the consequent straining of the fine wire 
when the coil cools and the wire contracts 
on to the larger frame. 

They concluded that the constants should be 
determined before each temperature measure¬ 
ment of importance, and, provided the leads 
had been well annealed originally, that these 
constants should be used in calculating the 
temperature, regardless of what the values 
of the constants might be after the experi¬ 
ments. A thermometer should of course be 
thoroughly annealed before standardisation. 

§ (19) Kelvin Double Bridge Method.— 
In order to overcome the difficulties associated 
with the use of fine-wire thermometers at 
high tempera- 
tures Northrup 
has proposed the 
use of low-resist¬ 
ance, heavy-wire 
thermometers 
with the Kelvin 
double bridge for measuring the resistance. 

As is well known, the bridge connections, 
due to Lord Kelvin, shown in .Fig. 21, are the 
best arrangement yet devised for measuring 
a very low resistance The bridge is balanced, 

when , r 

u_u 1 _X 

b~K~ S' 



The first two terms being made equal by 
construction, ' 

_Gq 

= - 70 . 

0 

With these bridge connections it is stated 
that 0-01 ohm can be measured to the same 
precision as 100 ohms by the ordinary bridge 
arrangements. By tailing advantage of this 
bridge as a reading device a high-temperature 
thermometer of robust design can be con¬ 
structed. 

The resistance coil is in the form of a 
small spiral supported by two mica washers. 
The current and potential leads are of a cheaper 
grade of platinum. In fact, it is a positive 
advantage to have the potential leads of an 
impure platinum, because of its low coefficient, 
which may be about 0-6 that of pure platinum. 
The comiections, as arranged for measuring 
a number of thermometers, are shown in 
Fig. 22. 

To measure a temperature with tins arrange¬ 
ment, the terminals p, p' are moved by a 
switch to the potential terminals of the 
thermometers to be measured, while the 
thermometers to the right of the one being 
measured are cut out of circuit by y, which 
keeps the resistance of the “ yoke ” low, as 
required by theory. A balance on the 


galvanometer is obtained by moving the 
plug N and the slider S. Tho slide wire on 
which S moves would consist of a substantial 
manganin wire lying over a scale, marked off in 
degrees centigrade, if it is desired to make the 
bridge direct-reading. The only uncertain 

T, T a T 3 T, 



Fig. 22. 

element in the method is the possibility of tho 
ratio afb and ajl> v Fig. 21, bocoming variable 
in an unknown way through a change in the 
resistance of that portion of tho potential 
leads which lie in the thermometer tube. This 
uncertainty, however, is practically avoided 
if the resistance a is made sufficiently high. 
Calculation shows that, if a is chosen as high 
as 250 ohms, the maximum error from this 
cause will not exceed 0T° 0. Tho resistance 
a may, however, be as high as 1000 or even 
5000 ohms, thus practically reducing the error 
to zero. 

The necessity of having a high resistance 
in the ratio coils requires that the galvano¬ 
meter used shall have a higher sensibility 
than can be obtained in a portable pointer 
instrument. There are, however, available 
several very convenient forms of semi-portable 
suspended-coil types of galvanometers, having 
an attached telescope and scale which are 
amply sensitive for the purpose. 

§ (20) Recording Resistance Pyrometer. 
—In industrial work it is frequently necessary 
to have a continuous record of the temperature 
of a furnace or kiln during tho course of a 
complete run. To meet those requirements 
Callendar devised his automatic resistance 
bridge which gave a graphical record of the 
position of the bridge-wire contact maker, on 
a clockwork driven drum. 

In the design of the instrument innumerable 
difficulties had to be overcome, particularly in 
connection with, the relay action operated by 
the galvanometer pointer. It is evident that 
the motion of the galvanometer pointer must 
close or open an electric circuit, and tho 
practical problem was to make this contact 
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a reliable one with the light pressures that 
are available. 

i'ig. 23 is a general view of the recorder. 



whilst Fig, 24 is a diagram of the connections. 
i.ho movement of the slide-wire contact is 
effected by clockwork pulling a string, the 
operation of tlio clock being isontrolled by two 
relays. 

According as the moving coil, of this galvano¬ 
meter GO deflects in one direction or tbc 
other, a relay circuit is completed through 
one or other of two oleetromagnots MM. Each 
of these magnets is mounted on a clock, 
the movement of which is prevented by 
a brake. When a current; passes through 
the magnet this brake is lifted, allowing 
the clockwork to revolve. These clocks 
are connected by differential gearing with 
a recording pen carriage PC, which is hauled 
m one direction or the other, according 
as the brake is lifted from the corresponding 
block. The bridge slider moves with this 
pen and tends to restore balance. As soon 
as this is clone the galvanometer coil returns 
to its normal position, the relay is cut out, 
the brake springs back, stopping the dock, 
and the recording pen P comes to rest, until 
the equilibrium of the circuits is again 
disturbed. The main difficulty in devising a 


satisfactory instrument cm this general plan 
has been that of obtaining a delicate and 
reliable relay. The total current available 
lor operating this is necessarily small, and in 
such cases the contacts are ‘very liable to 
stick. This difficulty Callendar ' has over¬ 
come by mounting tho contact on one of 
the arbors of a clock movement C. Metallic 
springs, OF, press on the contact surfaces, 

I polishing them as they are rotated by the 
clock. With this arrangement the m abo¬ 
und-break is effected sharply and certainly, 
in spite of the very small' force which is 
available for pressing the two contacts 
together. Tho contact piece consists of a 
ring of platinum CW, forming the tyre of a 
wheel mounted on one of the shafts of the ' 
clock. A spring fork connected electrically 
with one terminal of a voltaic cell, or 
secondary battery, grips this metallic tyj. ■e on 
either side, and polishes the contact surfaces 
as they move round. Contact is made by 
one or other of two pieces of stout platinum 
or gold foil fixed at the end of the long hori¬ 
zontal rod, which, as shown in Fig. 23, is 
carried by, and moves with, the coil of the 



.D’Arsonval galvanometer GC. This rod 
carries with it two insulated-copper wires GF, 
which are connected at tho contact-making 
end with one or other of the two platinum 
wires above mentioned. At the other end tho 
wires connect with one or tho other of the 
two magnets MM, controlling the clock brakes. 
Pilose magnets are clearly shown in the 
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figures, mounted above the cases containing 
the clockwork. 

The clockwork consists of two clocks 
connected with a simple differential gear, so 
that the screw pulley PS, which drives the 
silk cord PD connected to the pen slide, is 
turned in one direction or the other according 
to the deflection of the relay. 

The carriage carrying both the recording 
pen and the Wheatstone bridge slider, is 
coupled at either end with a cord making 
two complete turns round the hauling spindle, 
as shown. A spring fastening at each end 
of the cord keeps the tension properly adjusted. 
Just below the guide-bar, on which this 
carriage moves, are the bridge and galvano¬ 
meter wires over which the slider passes. 
The two lie in the same horizontal plane, and 
the slider consists of a platinum silver fork 
bridging the space between them. The front 
wire is connected at either end with the 
battery, whilst at the back is connected to 
the D’Arsonval galvanometer. The potential 
along this battery wire of course falls from 
end to end, and as the slider moves along the 
potential of the galvanometer wire is raised 
or lowered accordingly. A cut-off is arranged 
at either end of the travel of the pen carriage, 
which breaks the magnet circuits, and thus 
prevents the pen overrunning its cylinder. 
This latter consists of a light drum of very 
thin brass, to which squared paper can be 
fixed in the usual way. The spindle carrying 
this drum is connected by means of toothed 
gearing to a clock DO fixed to the frame of 
the instrument. 
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Rooks, Thermal Conductivity of. See 
“ Heat, Conduction of,” § (4) and Table II. 

Rolling Friction : theory of the resistance 
ot bodies rolling over each other. See 
i notion," § (37). 

Rolls - Royoe . Eagle Aero-engine. See 
Petrol Engine, The Water-cooled,” S IQ) 

(i.). a v ’ 

■ R ° pe Brakes for Power Measurement. 
bee Dynamometers,” § (2) (iii.). 

Rotary Pumps. See “ Hydraulics,” S ( 37 ) • 
“ Air-pumps,” § (23). 

Rotation, Effeot of, on the Motion of a 
Body through a Visoous Fluid. See 
“ Dynamical Similarity, The Principles of,” 

§ (25). 

Rowland’s Method of determining the 
Mechanical Equivalent of Heat. See 
Heat, Mechanical Equivalent of ” S 14) 
(ii.). •. ' ’ 8 ' ' 

Run-off from Rainfall Catchment Areas 
See “ Hydraulics,” g (6). 


Sacabien Wheel. See “ Hydraulics,” § (47) 

Sails. See Ship Resistance and Propul¬ 
sion,” g (55). 1 

Saroo Steam Meter. See “Motors,” 8 (19) 
Vol. III. s 1 h 

Saturated Vapour, Specific Heat of. See 
“ Thermodynamics," g (53). 

SavartA Law, concerning the notes sounded 
by similar vessels containing air, states that 
the pitch of the resonating note is inversely 
proportional to the linear dimensions of the 
vessel. This result was established by an 
elaborate series of experiments, but can be 
easily deduced by the method of dimensions. 
See “ Dynamical Similarity, The Principles 
of,” g (120). ‘ , 1 

Scale Model Experiments for the Deter¬ 
mination oil’ the Emotional Resistance 
of Bodies in Fluids. See “.Friction,” 

§ (23). 

Sohkel and He use Diaphragm Gauge. See 
“ .Pressure, Measurement of,” § (22). 

Schuster and Gannon’s Method of deter¬ 
mining Mechanical Equivalent of Heat. 
See “ Heat, Mechanical Equivalent of,” § (5) 

Screw. See “ Mechanical Powers,” § (3). 

Screw Propellers. See “ Ship Resistance 
and Propulsion, § (39). 

In open water. See ibid § (42). 

Behind ships. See ibid. §'(47). 

Seay s Process for Ammonia Absorption 
Refrigerators. See “ .Refrigeration,” § (5). 

Second^ Law of Thermodynamics. See 
“Engines, Thermodynamics of Internal 


’ § (4); “ Thermodynamics,” 

§ (17). 

Semi-Diesel Oil Engine. See “Engines 
Internal Combustion,” § (18). 

Settling Tanks for Storage Reservoirs 
See “ Hydraulics,” § (21). 

Shafts : 

.Design of. See “ Structures, Strength of ” 
§§ (29) and (30). 

Whirling of, considered by the method of 
dimensions. See “ Dynamical Similarity 
The Principles of,” § (47). 

Shape Factor and Heat Conduction. See 
( “ Heat, Conduction of,” §§ (2) (i.) and* (11). 
Shells, Strength of Cylindrical and 
Spherical. See “ Structures, Strength of,” 

§ (31). 

SHIP RESISTANCE AND PROPULSION 
I. Ship Resistance 

§ (1) Historical. For all practical purposes 
it may bo said that the existing knowledge 
of ship resistance has been acquired during 
the last contury. It is true that about 3000 
b.c. the Egyptians had some knowledge of 
this sort, as oven then, their vessels were 
rounded in section, fined at the ends, and 
given considerable sheer, % .c. upward curvature 
of the deck and form at the ends. In England 
and Northern Europe the advantages of round¬ 
ing off the fore end were known some 700 to 
1.100 b.q., as all the large “ dug-outs ” of 
this period, which have been unearthed, have 
this feature.^ At a later period (a.d. 300 to 
1000), the Vikings and the English gave their 
vessels a form eminently suited for speed, 
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indicating a good general knowledge of ship 
resistance. But such a knowledge as existed 
then, both in Northern waters and on the 
Mediterranean, was swamped and slowly lost 
in the effort to build heavy sailing-ships of 
large burthen. Centuries passed, and despite 
improvements hi construction and in arrange¬ 
ments of sails, little improvement of form 
took place until about 1800 a.d. 

§ (2) Early Experiments. —Amongst those 
who have worked at the problem of ship 
resistance must be included Newton, but his 
work has not stood the test of experiment. 1 
He was followed by Euler, D’Alembert, the 
Marquis de Condorcet, the Abbe Bossut, and 
M. Romme (1778). Their experiments con¬ 
firmed the belief that resistance hi general 
varied with the area of the surface exposed, 
and with the square of the velocity of move¬ 
ment, but the general theory of ship resist¬ 
ance in other respects advanced but very 
little. The experiments of Bird in 1775, Gore 
in 1792, and those carried out in Scandinavia 
concurrently with Beaufoy’s, contributed 
nothing of any importance on the subject. 
Up to about 1800 a.d. the accepted theory of 
ship resistance was based on the idea that the 
vessel had to overcome the inertia of the 
water thrust away hi front and drawn in 
behind, and experienced a. resistance due to 
the inertia of the disturbed water. 

§ (3) Beaufoy. —The first successful effort 
to separate the resistance of a ship into 
component parts, and to use model experi¬ 
ments for this purpose, was made by Beaufoy. 
Ho clearly discriminated between skin friction 
and resistance due to “ dynamio pressures,” 
and he was obviously aware of the added 
resistance experienced by a body on the 
surface of the water, compared with its resist¬ 
ance when submerged. He attempted to 
separate out the skin resistance of certain 
surfaces, 2 and showed that, assuming such 
resistance varied with the rath power of the 
speed, n varied from 1-71 to 1-82. But 
Beaufoy, like his predecessors, was handi¬ 
capped by a want of knowledge of how to 
apply his experiment results to the estimation 
of resistance of the full-size ship, and it was 
left for the late William Eroude to propound 
a method for doing this, and to demonstrate 
its accuracy. In all essentials the modern 
treatment of ship resistance is based upon 
the work of W. Eroude. His theories and 
methods, which are summarised in the follow¬ 
ing paragraph, have been tested by comparing 
, results obtained with a model and those 
obtained by towing a ship at sea, and by sixty 
years of steady application in ship design. 

§ (4) W. Eroude’ s Investigations. —Apart 
from the air-resistance of deck erections and of 

1 Beaufoy’s Hydraulic Experiments, p. xxi. 
a Ibid. Table II: 


the hull above water, the resistance experienced 
by any ship may be regarded as consisting of 
that due to skin friction, eddy-making, and 
the formation of waves. Erom a number of 
experiments, W. Eroude concluded that the 
frictional resistance of a ship and its model 
were practically the same as those of plane 
surfaces of the same respective lengths, areas, 
and smoothness, moving at the same velocities. 
To deal with the remaining portion of the 
resistance of ship and model, he proposed what 
is generally known as the “ law of corre¬ 
sponding speeds.” This states that the resist¬ 
ances of similar ships are in the ratio of the 
cube of their dimensions, when their speeds 
are in the ratio of the square root of their 
dimensions. Speeds connected by this rela¬ 
tion are generally known as “ corresponding 
speeds.” 3 Or to express the law in symbols, 4 
it can be shown that the resistance It can bo 
expressed by the formula 

$). 

where p is the density of the fluid, v the speed, 
and l a linear quantity, defining the scale 
usually taken as the length of the ship. 
Thus if the resistance of the ship is to bo 
accurately represented by that of the model, 
we must have 

l L 
p 2 “V 2 ’ 

where Iv refer to the model, LV to the ship. 
Then 

'©-'(#)■ 

while, since v z is proportional to l, R, which is 
proportional to IH' 1 , varies as l a . 

This law is true for resistances arising 
from dynamic conditions which, are similar, 
irrespective of size, • and is generally applied 
to that due to the formation of waves and 
eddies, which is assumed to constitute all 
that resistance experienced by ship and 
model over and above the friction resistance. 
To this resistance Eroude gave the name 
“ residuary.” If, therefore, the total resist¬ 
ance of a model be ascertained by experiment, 
and its friction resistance calculated as above 
bo deducted from it, the residuary resistance 
of the ship at the corresponding speed can be 
inferred from the result, and when added to 
the calculated friction resistance gives the 
total for the ship. This procedure has been 
tested by comparing estimates based on model 
experiments with the measured resistance of 
a similar full-size ship towed under the same 
conditions. The first tests of this kind were 
made by W. Eroude on the Greyhound in 

a See “ Dynamical Similarity, Principles oi',” 
§§ (10), (39). 

4 See “ Friction,” § (24) (ii.). 
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1873, 1 and by Mr. Yarrow on a first-class 
torpedo boat in» 1882. a In both cases the 
measured resistance exceeded that deduced 
from the model tests, but the agreement was 
sufficiently close to justify the use of this 
method of estimating powers for ships, and 
with some modifications in detail it is still 
in use. 

§ (5).—Of these modifications the most im¬ 
portant is in the method of calculating fric¬ 
tional resistance. Proude assumed : (i.) That 
for all lengths greater than CO ft. the resistance 
could bo obtained, for the first 50 ft. by 
using the constants obtained for a 50-ft. 
pla.nk, and that for all the surface beyond 
this length the resistance per square foot 
would be the same as that of the last foot of 
the 50-l:t. plank, this being determined by an 
analysis of his results ; (ii.) that the resistance 
of a clean plated ship could be calculated 
from that of his smooth planks without any 
correction for roughness or form effect. These 
assumptions, although still in considerable use, 
are not now necessary, and are not made 
in the data and methods of calculation hero 
given. 

Lor the sake of clearness, each of the three 
main factors in resistance is treated separately. 
Although this is the usual practice it is not 
strictly correct, as all three arc to a small 
and. usually not important extent inter¬ 
dependent. Those cross effects are dealt with 
under the separate headings. 

The section on stream - lines is intended 
mainly as an introduction to .the subject of 
ship wave formation, ajml its closo ally, ship 
form design. The data given, however, serve 
to illustrate points raised in discussing frictional 
and eddy resistance. 

II. iSktn P.motion Resistance 
§ ( ( >) Skin Pricition. —This is one of the 
most prolific causes of resistance to tlio move¬ 
ment of ships through water. In all well* 
designed vessels it amounts to about 80 per 
cent of the whole resistance at low speeds, 
and even in a torpedo-boat destroyer at its 
maximum speed, of about 40 knots, 40 per 
cent of the whole resistance is duo to skin 
friction. In hut one type of voshoI, viz. the 
hydroplane (§ (35)), is it a comparatively 
unimportant factor, and then only at high 
speeds, 

-It may ho defined as the tangential force 
between the surface of a moving body and 
the layer of water with which it is in, contact. 
The nature of this tangential force is little 
known. .Its effect in the ease of a smooth 
surface is to set in motion a comparatively 
thin layer of water in the immediate neigh¬ 
bourhood of the body, and. this layer is usually 

1 Inut. Naval .4 rvlritwlx Tram, xv. 

* Ibid, xxlv. 


called ike frictional belt. Terzaghi’s experi¬ 
ments with thin films between glass plates 
suggest that the innermost skin or film of the 
water in contact with the body has shearing 
and tensile strength as well as viscosity, and 
that the properties of this film are different 
from those of larger bodies of water. To 
what extent this may hold good for the 
boundary of a ship form is, however, not 
known. Hele Shaw’s 4 experiments suggest 
that there is a thin film (much thicker than 
Terzaghi’s film) in contact with the body in 
which the movement is purely straight' line 
or viscous, and that sinuous movement exists 
in the remainder of the frictional belt. 
Stanton’s experiments have confirmed this. 
The layer is approximately one-tenth milli¬ 
metre in thickness, but gradually merges into 
the surrounding sinuous flow streams. The 
fluid in contact with the moving surface 
moves with the velocity of the surface at the 
point of contact. 

§ (7). — Calvert’s r ’ experiments with long 
planks show that the forward motion of this 
belt at the after end of a plank increases with 
the length of the plank, and both Calvert and 
Ahlborn 8 have found that, for a perfectly 
plane surface, increase of velocity of the 
surface through the fluid did not materially 
increase the thickness of the frictional bolt, 
but only increased tlio accelerations of the 
particles inside it, a result in general accord 
with the equations of motion, when viscosity 
is the only external force acting. Ahlborn 
also found that the thickness of the belt at 
the after end of his planks increased but very 
slowly with increase of length, of surface, 
particularly when this was smooth. 

§ (8) Resistance of Smooth Planks.— 
The amount of energy dissipated in this way, 
by smooth bodies moving in water, has been 
investigated by Beaufoy, Proude, Gebers, 7 and 
Baker, 8 eta. The results obtained for smooth 
planks, by these experimenters, are given in 
Fig, 1. The ordinates are values of R/pV®, 
and are plotted to a base of VL/r, where 

R is the resistance in lbs. per squaro foot, 

V is the speed in ft. per second, 

L is the length of surface in feet, 

v is the kinematic viscosity of the water, 

p is the density in lbs. per cubic foot, 

Cor in this ease we can show that 


Provided that one is dealing with bodies 
similar In, form and nature of surface, the 

51 Pirn. Rev,, :i 020. 

4 Inst. Naml, ArrMteel# Tram, xl. 

" ibid, xxxiv. 

* Rehiffbauleckimclien Gmilsvhafi, x. 

7 tiehuflmu, ninth year, Nos. 12 and 13. 

“ N.tt.U. inst. ling, and Ship, Trans, xxxii. 






714 


SHIP RESISTANCE AND PROPULSION 


value of R//)V 2 at any value of VLjv should 
be the same, whatever the dimensions of the 
bodies. 1 Although none of the planks whose 
results are given were made “ similar ” in all 
their dimensions, the figure shows that except 
at low VL/v this difference had little effect, 
and the mean curve may be taken as defining 
the resistance of a long smooth plank in water. 
This curve passes well through the spots 
obtained by Froude and Baker. Gebar’s 
results lie a little below these. His experi¬ 
ments were made with the top of his planks 
out of water, and the difference in result may 
be due either to this or to the very great care 


Skin Friction Resistance 
Smooth planks & models in water and in air 


r • 

^ 13 For definitions of terms and units see §3 
The ouroe adopted for power estimates (§ 11) 
Is based on the curue marked 1 



Reference 

S. national Tank 3 foot plank 
-4. » „ „ 

b. Gabors 60 o.m. plank 

"7. 16foot ship model 8. 3foot similar model In air | 
_ £).. Froudo’s 2-5 foot plank 


10 . 


7*0 


111 /,-Vi.Zahm's boards- in air 
13. Strut of goad saatlon, I foot In length 


9xio® 4xio« sxio® 0X10° ixiq® axio® 
Scale of 



Reference 

1. W.Frouda'e 30.25 Zf 76 fool planks, and National 7 ank 
16 ^ 18 foot planks 

2. Gabors 662,460,360 ff 160 c.m. planks 
R.Baaufog's planks ft 42foot raft 

6X10® 10X10 9 1.6X10® 20X10® 26X10* 00X10® 06X10® 40X10® 46X10® 

Scale of tt - 

Ida. 1. 


taken by Gebers to obtain a perfectly smooth 
surface. 

Beaufoy’s experiments were made from 1786 
to 1798, his object being to determine the 
friction of a surface following behind a tapered 
fore end, whose resistance was separately 
measured. This procedure, and other condi¬ 
tions of the experiments, lead to some small 
inaccuracies, and. the difference between his 
results and the mean curve are attributed to 
these. 

The results for planks of short length differ 
considerably, not only between the work of 
different experimenters, but between different 
planks tested by the same individual. Careful 
experiments made in the National Tank have 
shown that in this region of VLjv a great deal 
depends upon the accurate setting of the 
experiment, and that with a perfectly uniform 
speed of advance a much lower resistance is 

1 “ Dynamical Similarity, Principles of,” § (14). 


obtained than is the case even with quite 
small irregularities in speed. It is believed ! 

that in this region, when the speed is steady, 
the flow is more nearly viscous in character, 
but is easily changed to sinuous with any 
irregularity. This probably also explains the 
large difference (allowing for density) between" 
the friction of planks obtained in air and 
in water at the same VL/v. In an air channel 
the fluid is everywhere in sinuous and dis¬ 
turbed motion, hut with water there is no 
such motion to start with, and its develop¬ 
ment may sometimes be avoided; tho frictional 
resistance will then be smaller. 

§ (9) Character of Surface. — Experi¬ 
ments made by W. Froude, Baker, and Taylor, r 

with ship models varying from 10 to 20 ft. 
in length, show that no appreciable variation 
of resistance is experienced with surfaces 
having a coating of shellac varnish, red-lead 
paint, black-lead varnish, paraffin wax, and a 
number of ships’ “ compositions,” and it can 
be concluded that the data for smooth planks 
hold good for any reasonably hard smooth 
surface. It has sometimes boon suggested 
that skin friction might be reduced by blowing 
air into the water at the surface of tho body. 

Very complete experiments made on a largo 
paddle steamer showed that the presence of 
the air had very little effect on tho resistance 
—and such effect as was detectable was not 
good. Experiments with planks lubricated with 
oil have been made in the Washington Tank. 

The presence of the oil increased the resistance 
by 5 per cent, but this diminished as tho oil 
was washed off. 

A ship’s surface is made up of a number of 
strips of plates worked longitudinally so that 
the edges of the plates are exposed. The area 
of wetted surface is increased slightly by this, 
and in the case of a moderately fine form tho 
resistance was also increased 8 *7 per cent. 

If these longitudinal strakos of plating are 
made up of a number of short lengths of plate, 
the after end of one lapping over the fore end 
of the next, there is a considerable increase 
in resistance. This is tho condition which 
exists in all ordinary ships, and experiments 
with models having similarly arranged surfaces, 
with the plating •thickness correct to scale, 
indicated a 10 per cent increase in resistance. 

The increase varied with tho thickness of 
plates, the above figure being for a 400-ft. ship | 

with strakes of -f-inch plating 4 ft. wide, tho | 

plates being 20 to 24 ft. long. Other experi- ! 

ments with these ship models wore made with | 

the foremost eighth of tho length perfectly A 

smooth, the rest of the surface being coated 
with plates as above. These showed that 40 j 

per cent of the whole increase in resistance j 

caused by the plate edges and ends is due 
to these in the foremost eighth of the length. j 

Experiments with a model having a “ calico ” j 
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surface support this result. The extra resist¬ 
ance due to 1 sq. ft. of calico, placed any¬ 
where about amidships, on an otherwise 
smooth model of about 16 ft. in length, varied 
from one-half to one-third of that for the 
same surface placed within 2 ft. of the bow. 

The effect of a uniform roughening of the 
surface is given in the accompanying table, 
derived from W. Eroude’s experiments with 
planks. There is a marked falling off in 
effect of a given state of roughness as length 
is increased, that is, as the dimensions of the 
surface increased relative to the size of the 
particles forming the roughness. In applying 
such results to a ship it is essential that the 
roughness of the model shall bo “ similar ” to 
that of the ship. Thus a growth of weed 
about 3 in. in length on the ship would be 
represented on an average model by a very 
rough calico surface, and not by weed of the 
same length. 

Table I 

Relative Resistance oi? Uniformly Rough and 
Smooth SumrAaio 


Nature of Surfuuo, 

Lmint.li uf Surface! in Foot. 

2. 

8. 

20. 

. 80. 

RwiMiimn) pur Si). Ft. Rough 
RciiHUneu jior Hi[. Smooth' 

Calico . 

2-2 

1*95 

1-93 

1-89 

Fine sand . 

2-0 

1-87 

1-95 

1-62 

Medium sand . . 

2-25 

1*95 

1-93 

1-95 

Coarse sand 

2 - 75 

2-24 

2-14 



§ (10) Solid Bombs. —There are no direct 
experimental data on the friction of solid 
bodies in water, and very little guidance is 
to bo obtained from theory. For very low 
velocities t.e. with viscous flow-—Lee 1 has 
shown that the diameter of tho circular section 
of equal resistance to that of any elliptical 
section is equal to tho sum of tho semi-axes 
ot the elliptical section, and for a thin plank 
will bo one-half the width of the plank. There 
is no authority, however, for assuming the 
same rule to apply in ordinary turbulent How. 

If the velocities in the theoretical stream-linos 
tor a non-viscous .fluid around any solid body 
are obtained by calculation it will ho found 
that the mean value of tho nibbing velocity 
of the streams, taken over the whole form, 
generally exceeds tho velocity of the form 
itself, the excess varying with the fulness of 
the body. Bor lk>w in two dimensions only 
tins excess varies from 11 per cent for a full 
form to 6 per cent for a lino one. For a threo- 
dimonsion form of prismatic coefficient -53 

1 Imt, Naval Arehttmia Trims, Iviit. 


the mean velocity of the streams in contact 
with the form was 1-03 times the velocity of 
the form. Such an increase in velocity must 
carry with it a corresponding increase in 
resistance. Experiments in a tank with many 
ship models at low speed when the wave- 
making was negligible showed that the resist¬ 
ance exceeded that calculated for a plank of 
the same wetted area and length. The excess 
varied from 4 per cent for a long line form such 
as a torpedo-boat destroyer to 10 per cent 
for a battleship or liner form, and 10 to 14 
per cent for a full type of cargo vessel. 

§ (11) PoWKIl ABSORBED BY FRICTION RE¬ 
SISTANCE.— This can he estimated from the 
data already given or from tho following 
formula: 

Effective liorse-power = ■000024SV 2,80 , 

where S is the wetted area in square feet, V 
is the ship speed in knots. 

Tin's contains no allowance for either the 
roughness due to the plate odges and ends, 
which amounts to about 6 por cent on an. 
average, or for the effect of form as given 
above. An addition, amounting to 10 per cent 
m long fine vessels and 16 per cent in short 
full-cargo vessels, is required to allow for these 
effects. The index is based on a logarithmic 
plotting of l,he data of .Fig, 1, and represents 
tho experiment results for planks at all high 
speeds. ^ 

§ (12) Dimensions and Wetted Surface. 

Llio smaller the wetted surface of any ship 
can bo kept, consistent with non-wave-making, 
the better will bo tho result. Calculations have 
shown that with fixed length tho surface is 
remarkably non-sonsitivo to such factors as 
fulness of form, but depends mainly upon tho 
principal cross-dimensions. The wetted sur¬ 
face per ton of displacement will decrease with 
either increased draft, tho beam being fixed, 
or with increased beam, tho draft being fixed’ 
and the best ratio of boam to draft is that 
which gives the 
same reduction ^ 

of skin per ton j i 

displacement I 

for either boam 
or draft varia¬ 
tion. If a simplified form of ship having all 
horizontal sections of tho shape shown in 
fjj{' 2 1,0 considered, the best ratio of beam 
(2b) to draft (a) is given by 

2& = 2 2c a ;hZ\ / 5 a - | -c“ 
a (Z"hc)\4 a -i-c a * 

lior a ship form, with rounded sections the 
ratio is about 0 per cent less than the 
formula indicates, and is about 2-8 for a form 
having parallel body for about 30 per cent of 
its length amidships, and somewhat loss than 
thiB for forms with 50 per cent of parallel body. 
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When the displacement and length are kept 
constant, if the ratio of beam to draft is near 
that given above it may be changed to a 
quite fair extent without any noticeable effect 
upon the wetted surface of the ship. 

III. Eddy Resistance 

§ (13) Eddy-making. —In the strict sense 
of the word eddy, all frictional resistance 
might be classed under this heading, as the 
frictional belt consists largely of eddies. .But 
by long usage it has come to mean that 
resistance due to eddy formation or broken 
stream - line flow, produced by some cause 
apart from skin friction or only indirectly 
due to skin friction. 

When water is made to flow along a pipe, 
from a large to a small diameter, no matter 
how rapid the change in diameter is effected, 
no material break up of the flow takes place, 
but if the flow be reversed it is found that, 
unless the increase in sectional area of the 
pipe is very gradual, the steady flow will be 
broken up, and there will be a tendency to 
form a central stream surrounded by an eddy¬ 
ing annulus. This same phenomena is always 
liable to occur around any solid body such 
as a ship, at such parts where the flow may 
be divergent in character. For the mainten¬ 
ance of the stream-line flow around such 
forms, areas of high pressure are required at 
the two ends, with regions of variable but 
always low pressure between, and the particles 
of water as they meet the after body have to 
pass from low- to high-pressure areas, just as did 
the water in the expanding pipe; and if the 
rate of expansion of the stream-tubes necessary 
to keep contact with the form exceeds a' certain 
amount they will not follow the form. More¬ 
over, the water particles moving into the high- 
pressure area automatically render up what 
speed, they may have, but if this is not 
sufficient to maintain the necessary pressure 
they tend to stop still. What will then happen 
is not very clear, but there will be a break-down 
in the general stream-line arrangements at 
this part. In a perfect fluid of infinite extent 
such break-downs will be possible when the 
total change of velocity head is equal to that 
corresponding to discharge into vacuum, and at 
a free water surface, where the atmospheric 
pressure must in any case be maintained, the 
requisite velocity change will be very much 
smaller. With a viscous fluid flowing past a 
ship the streams quite close to the form will 
have lost a good deal of their speed before 
reaching the. after body, and the liability 
to form eddies will therefore be increased. 
When there is a free surface to the fluid—as 
is the case with all ships except submarines-— 
the chance of eddy formation is still further 
increased as indicated above. 

The pressures which would exist without 


any free surface are different from those actually 
existing, owing to the formation of waves. 
The energy dissipated in these waves is ox! 
tracted from the stream-lines, and there is 
less aggregate energy in these close to tho 
foi in at the after end than at the fore end. 
In addition to this it must bo remembered 
that at the after end there is a considerable 
upward flow of the particles closing in around 
the stern, and this demand for greater potential 
energy is sometimes more than the particle 
can satisfy, and a break-down occurs. 

Eddy-making of this kind, therefore, is to 
some extent dependent upon the bulkiness 
and abruptness of feature of the ship, and to 
a smallei extent upon the wave-making (which 
will vary with the speed) and the skin Motion. 
The energy lost in the eddies thrown off will 
vary with the square of the whirling velocity, 
the size of tho eddies formed, and! the rate’ 
at which they are shed. There is no experi¬ 
mental information on the latter point, but 
provided that this factor can be assumed to 
be relatively the same in model and ship, and 
in so far as the break-down in flow producing 
tho eddies is dependent on form and flow in 
general, the resistance duo to it will vary in 
accordance with Fronde’s law of comparison. 
But since tho frictional resistance is known' 
noli to vary as tho square of tho velocity, 
from what lias boon said it is evident that tho 
accuracy of tho eddy - resistance estimates, 
based upon tho use of Fronde’s law, will be 
affected to the small extent to which, any 
break-down in flow depends upon this factor 
,§ (14) Eddy Resistance. — Experiments 
with ship models have shown : 

(i.) When eddy-making is produced by ab- 
ruptness or bluntness of form the consequent 
resistance varies with tho square of tho 
velocity within tho limits of the experiments. 

(ii.) With increase of speed the extent of 
tho eddy formation increases slightly, ie. the 
break up of the stream occurs at a position 
which moves forward slightly with high speed. 

(iii.) To avoid eddy-making the after end 
of the form must be so designed that tho 
stream-lines if they are to exist shall in no 
case bo inclined at an angle in excess of 
16° to 20° from the lino of motion of the 
form. The lower figure should bo used with 
high velocities (for example, for airships 
and torpedoes 10° is tho maximum slant of 
a longitudinal section of the tail) and the 
upper figure for low velocities (as in cargo 
vessels). 

(iv.) For ordinary mercantile ships of low 
speed, having reasonably good lines, tho 
minimum length in feet of actual tapered 
after end, measured from the section at which 
the reducton of sectional area begins, to the 
stern post, is given by 

L=4-1 Uimmeraed midship section area insq. ft. 
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Wave-making considerations may, of course, 
demand a greater length than is 'given by the 
above formula. 

§ (15) Head Resistance. —A second form 
of eddy resistance developed by a ship, some¬ 
times called “ head resistance,’’ is due to such 
features as condenser scoops, bracket arms, 
web supports to the propeller shafts, thick 
stems, and stem posts. This resistance, how¬ 
ever, constitutes only a small portion of the 
total. Thick stems, stern posts, and con¬ 
denser scoops present a flat face to the 
streams they meet. Their resistance is given 
by the formula 

R=M2V 9 , 

whom R is resistance in lbs. per aq. ft. of area 
of projected surface, V is the velocity in ft,, 
per sec. 

If the propeller shafts are carried in a ease 
supported by a deep wob or “ bossing ” from 
the ship’s side, the resistance of this bossing 
can be reduced to almost its skin friction^ 
provided the plane in which the wob is worked 
is along the natural lino 
of flow of the streams 
in this part If the pro¬ 
peller shaft is supported 
by large bracket arms 

__ _ , near the propeller the 

• ^ resistance of these strata 

IM. 8. or arms is given by the 

following formulae for 
two types covering a rather bad and a normal 
section. 

Strut arms of section A, Fig. 8, 

R yr 

"ya = *014 at and above j-szQx 10®. 

Strut arms of section B, 

M yr 

-ya‘Ss-004 at and above ■ =8x 10®. 

Ris the resistance in lbs. per sq. ft. of the 
product length L of section and length 
of arm or strut. 

pm the density of the fluid-1-99 for salt 
water. 

" is the kinematic viscosity of tho fluid, which 
for salt water varies from H)S x 10“® 
at freezing - point to 1-29 x10“ 8 at 
15° (j. 

In both eases it is a,ssumed that tho piano of 
the strut arms is in tho line of How. At lower 
VL/r values tho R/pV a values steadily increase, 
and tho rate of increase becomes abnormal 
below VL/V -1-0 x 10 ®. 

TIio veloeities to be used in these calcula¬ 
tions am those of the streams passing tho 
scoop, struts, etc., which, owing to tho stream- 
Hue effect and the fnctionnl holt, will vtiry 
from *0 to '5 tho voloeity of tho ship. The 
higher figure holds for lino ships, tho lower 
for full-bodied ocean tramps. | 



IV. Stream-lines oir Ship Forms 
§ (Hi) Stream-line Motion.— The forces 
aiul . velocities produced in a fluid by the 
motion of the body through it are usually 
calculated on the assumption that the fluid 
is non-viscous, perfectly homogeneous, and 
incompressible. The motion of the particles 
m such cases is fully determined by the well- 
known equations of motion. Tho justifica¬ 
tion for applying the deductions from such 
calculations to the flow around ship forms 
lies in the fact that it is found experimentally 
that the main body of water does flow in much 
the same manner as the mathematical solu¬ 
tions would lead one to expect. 

In ship design a knowledge is required of 
the relative velocities of ship and fluid particles 
at various positions along the ship, when it is • 
moving at a uniform speed. The problem 
is more easily solved mathematically, and 
pictured mentally, by adopting the standpoint 
of an observer on the vessel, and considering 
it as fixed and the fluid moving past it. When 
at every point in the fluid the velocity and 
direction of flow remain constant in time, the 
motion is said to be “ steady.” A number of 
fluid particles, originally moving with uniform 
velocity in a straight line, will then continue 
to follow one another, but along a deflected 
path., as they approach and recede from the 
body, and will constitute what is called a 
“ stream-tube.” The extent and nature pf 
these displacements can sometimes be deter¬ 
mined if the shape of the body can be ex¬ 
pressed by certain algebraic formulae. 1 

§ (17) Theory.— The motion, when ex¬ 
pressed as an equation, is not always easily 
pictured, and a graphical interpretation of 
the result is generally more convincing. As 
is explained in the article on “Stream-line 
Motion, the motion of the particles can be re¬ 
presented by tubes through which they move ; 
tho cross-section being constricted where the 
pai tides flow faster and expanded where they 
are retarded, tho actual velocity at any point 
varying inversely as the cross-section of the 
tubo. Tho calculations are considerably sim¬ 
plified by assuming that the flow is "“two* 
dimensional ” in character, i.e. takes place in 
one plane only. 

For example, the flow around an oval of 
length 2v / (a 2 -|-2 ab) and breadth equal to 2b 
is given by tho equation 


^ = U y- 


TJb 


i tan - 


2ay 


! cot -1 (b/a) a: a -|- ? / 2 -a 2 ’ 

^ being, the stream function, and U the 
voloeity in tho uniform portion of the stream. 

Ibis equation is ohtainod by combining tho 
motion of a single source and sink distant 2a 
apart with a uniform flow of velocity TJ in 


1 See “ Stream-line Motion.*' 
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the direction from source to sink'. The blunt 
end of the body for which the above deter¬ 
mines the stream-lines bears little resemblance 
to ship lines, which are usually given a sharp 
angular termination. 

§ (18).—Taylor 1 has developed a method of 
obtaining ship-shape stream forms and their 
stream-lines by combining an infinite number 
of sources and sinks of varying strengths lying 
on a straight line, with a uniform flow 
parallel to the line of the sources and sinks. 
The values of \p due to the sources and sinks 
are calculated at a number of points for a 
series of abscissa values. For each abscissa 
value a curve is plotted so that its horizontal 
ordinate at any y value is the \p value for 
that y and abscissa. Points on a stream¬ 
line are given by the equation i^=Uy + con¬ 
stant. Such points can be picked out and 
the stream-line drawn by joining them. An 
infinite variety of forms can be obtained, 
by varying the strengths of the sources 
and sinks at different points, and the stream 
form will be a closed one, provided the 
total source and sink strengths are equal. 
The length of the stream form will be the 
length of the source-sink line; its breadth will 
depend upon the relative strengths of the 
sources and the uniform flow. A number of 
forms obtained by this method are given in 



The stream forms are symmetrical about amidships, 


FIG. 4. 


Fig. 4, together with the distribution of 
pressure along them. 

This method has been extended 2 to deter¬ 
mine the stream pressures around two-dimen¬ 
sional forms with pointed ends, symmetrically 
placed midway between boundaries parallel to 
the direction of motion. For this the stream 
function if/=A tm~ 1 yjx, for a source or sink 
in an infinite fluid, is replaced by 

-x t an (wx/2d) 
tan (iryl'Id)’ 


\j/= A'tan- 


1 Inst. Naval Architects Trans, xxxv. 
* Ibid. lv. 


2d being the distance between the boundaries. 
An infinite number of such sources and. sinks 
in a straight line, of varying strength deter¬ 
mined by the constant A', are combined with 
a uniform flow. The procedure is much the 
same as for the unrestricted fluid. One ex¬ 
ample in which the source-sink strengths have 



Stream Lines and Pressure Curves for angular 
form with and without boundaries. 

Fig. 5. 


been so adjusted as to give the same form as 
in open water is given in Fig. 5 to illustrate 
the effect of boundary walls (for effect upon 
resistance see § (3(5)). 

It is possible by the souree-and-sink method 
to calculate the flow around solids of revolu¬ 
tion, moving along their axes of revolution, 
and the case of such a solid in a concentric 
cylindrical boundary can also be treated in 
this way. 

§ (19) Experimental Methods. —Such in¬ 
vestigations neglect many factors which may 
be important, especially in the ease of the flow 
around ships, and for such purposes experi¬ 
mental means of determining the stream-lines 
have been developed. Taylor’s method 3 
consists of coating the surface of a wooden 
model with glue, which is painted />ver with 
a strong solution of sesqui-ehloride of iron 
(Fe 2 Cl 0 ). The model is towed in fresh water 
at a speed corresponding to the normal speed 
of the ship it represents, and a strong solution 
of pyrogallio acid is ejected through small 
holes bored through the bottom. The acid is 
washed aft by the water, and coming into 
contact with the Fo 2 C1„ leaves a dark divergent 
mark or pencil on the surface of the model. 
Such lines show that, broadly speaking, in 
ships with cross-sections approximating to 
a rectangle amidships, the flow is divided 
into two parts. The first, near the surface, 

8 American Soo. Naval Architects Trans, xv. 
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approximates to two-dimensional flow in an 
almost horizontal plane, and the second passes 
down in steep diagonal planes under the 
bottom at the fore end, and rises again along 
similar planes at the stern. The line of 
division of ,these two main flows is approxi¬ 
mately along a diagonal plane at the bilge, 
-and recent work at the National Tank lias 
led to the conclusion that, where these two 
types of floiv meet, the actual flow is fre¬ 
quently unstable, and there is probably some 
difference between the velocity of floiv along 
the sides and bottom. This method only 
defines the flow close to the surface, and the 
stream-lines so obtained are to a certain extent 
affected by the frictional belt. They are, 
therefore, not absolutely reliable as a guide 
for the direction to be given bilge keels, shaft 
webs, and other necessary under-ivater pro¬ 
jections from the ship’s surface. .For this 
purpose a number of small flags are used, 
each of depth equal to that of the proposed 
projection, each carefully balanced in water, and 
secured to a spindle passing through a gland 
in the surface of the model, at the point where 
the flow is to be determined. The inner end is . 
fitted with a pointer moving over a graduated 
scale. The positions taken up by the pointers 
are recorded during each test, and the flag 
positions are afterwards transferred to the 
model surface. These flags have been vised 
successfully on several occasions to determine 
the flow at some distance from the hull, as 
well as close up to the form. 

§ (20) Pressure Distribution. — The 
general characteristics of the pressure curves 
for ship-shape stream forms are as follows : 
hrom an infinite distance.in both directions 
the pressure slowly rises from zero until it 
reaches the neighbourhood of the ends of the 
form. It then rises rapidly to a maximum 
positive pressure, falls sharply to a maximum 
negative pressure, and the negative pressure 
persists along the centre portion of the form. 

A close study of such pressure curves gives 
a cluo to the particular features of the form 
which produce large pressure differences, and 
is a valuable aid to the ship designer in deter¬ 
mining the shape of the water-lines near the 
surface. The value of the maximum pressure 
is greater the fuller the form, and occurs 
nearor the end when the slope of the form at 
that end is increased. Conversely, the finer 
the form the lower the maximum positive 
pressure, but the greater becomes the' length 
of the form over which the positive pressure 
occurs. Tho governing feature producing the 
maximum negative pressure between the ends 
and the centre of the form is tho curvature, 
or rate of change of shape from the entrance ■ 
to the section of maximum beam. Tho quicker i 
this curvature, tho greater is the maximum < 
negative pressure. , 


Rankme has shown that for two-dimensional 
flow round an oval whose length/breadth 
■quals sj3 (called a lissoneoid) the pressure 
changes are more gradual than for any other 

eiTrl. ? he /' atl ° 18 less tlmn v'3 the pressure 
curve has its maximum negative pressure 
between each end and the centre of the oval, 
while if it is greater than J3 the greatest 
negative pressure is at the middle of the oval. 
Uns suggests that, ignoring wave-making, the 
best proportion of length of entrance/lialf-beam 
m a ship would be */3, but many experiments 
with ship models show that this ratio can be 
exceeded with good results. 

The maximum pressures of the various 
orms of Fig. 4 occur at different positions 
along their length. If the ship designer can 
s< ? r ang6 llis . form in t ' le immediate vicinity 
° ie surface in such a way that the maximum 
negative pressure of one water-line is partially 
over the positive pressure of a water-line 
some small, distance below it, the net resultant 
pressure will be small, and the surface move¬ 
ment will also be small. This has been 
achieved in certain low-speed cargo boats. 
A full surface water-line is essential for 
commercial reasons, and can be associated 
with, liner lower water-lines stepped back 
relative to the upper ones, so that, due to 
both their finer angle and the actual set-back, 
they tend to create their positive pressures in 
the same section as the fuller load water-line 
? H (‘llf) lg t0 Create ne S at i ve pressures. (See 

§ (21).—A word of caution is necessary in 
drawing deductions from theoretical stream¬ 
lines, and applying them to practice without 
experimental confirmation, It must not be 
f 01 gotten that in the theory a “ perfect ” 
fluid is assumed. With this there is ordinarily 
no possibility of a break-down in the flow, as 
explained in the section on eddy-making, and 
the effect of the free surface and its movement 
under any change of pressure is ignored. Als o 
flow in three dimensions is at present calculable 
only on the assumption of the flow being 
symmetrical about an axis, or, in other words, 
by ignoring tlie effect of gravity upon the 
system as a whole. 


V. Wave Resistance 
§ (22) Waves. —The nature of the stream¬ 
line pressures set up around a moving form 
has already been described. If the fluid 
were a perfect one, and the body well below 
tho surface, the total fore-and-aft force on 
tho form would, be zero. This would also be 
the case at the surface if the surface is supposed 
rigid, despite the fact that the presence of 
this boundary surface hacl caused considerable 
differences in the fluid pressures. In such a 
ease the surface would be subjected to press¬ 
ures varying in the systematic fashion already 
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Scribed, and if its hypothetical rigidity is 
abandoned it will form into humps and hollows 
under the influence of these pressures. Tins 
alteration in pattern of surface effects another 
modification in the stream pressures and these 
will therefore vary to some extent with the 
waves formed. In the case of a ship travelling 
on the water, the total weight is constant, 
and neglecting any vertical accelerations, the 
immersion of “the ship when in motion must 
always automatically vary so. that the verti¬ 
cal resultant pressure on it is equal to its 
weight, and this alteration affects the whole 
system to a small extent. The final pressure 
system created is therefore the balance 
achieved under these varying influences, con¬ 
sistent with the free surface being one of 
constant pressure, and the upward force on 
the hull remaining constant. Its general 
characteristics remain the same, as when the 
form is submerged, but their relative magnitude 
and importance change with form and speed. 

§ (23) Theory .— 1 The disturbance of the 
surface produced by a point of pressure 
travelling in a straight line over the surface 
of the water has been considered by Kelvin 1 
and Havelock. 2 This consists of a system of 
transverse waves travelling with the originat¬ 
ing point, associated with divergent waves all 
radiatiifg from the point, the whole pattern 
being contained within two straight lines 
radiating from the point at an angle of 19-46° 
to ..the line of motion. The height of . suc¬ 
cessive transverse wave crests at the middle 
line diminish in the inverse ratio of the square 
root of their distance from the point. Near 
the outer boundaries of the wave system, 
the crest of each transverse wave is bent back 
and joins a divergent wave in a cusp, and 
these three waves form a sort of triangle with 
curved sides, of which the cusps at the corners 
are the highest points. The heights of these 
cusps diminish with distance from the point 
at a slower rate than do the transverse waves, 
so that the divergent waves become relatively 
more marked towards the rear. 

There are, however, very serious differences 
between such a point of pressure and the 
pressure system of a ship, in fact the whole 
science of ship form design has arisen largely 
from the study of these differences. Have¬ 
lock 3 has traced the effect of a travelling 
pressure disturbance similar in character to 
those of Fig. 4, the work being confined to 
two dimensions, and transverse waves only 
being formed. If this pressure is independent 
of the speed, there is a certain speed above 
which the wave formation continually dimin¬ 
ishes. If the pressure varies as some power of 
the speed less than two, the resistance tends 
to a limiting finite value as speed increases 


indefinitely, corresponding to diminished alti¬ 
tudes of waves at the higher speeds. I lie 
interference between the waves set up by the 
two ends, and otlu-r features, are similar to 
those described later, but the supposition of 
two-dimensional motion rules out any divergent 
waves. 

§ (24) Wave TnAias.-—The deformation <>| 
the water surface resulting from the motion 
of all ships, except hydroplanes or skimming 
boats, has always the same general character¬ 
istics.’ Most noticeable are two trains, of 
waves of short length along each etest line, 
commencing with, a hoapod-up wave at the 
bow, and trailing away on each side along a 
diagonal line, in such a way that each wave 
is stepped behind its predecessor. These are 
called the bow divergent waves. Between 
the divergent waves on either side of the ship 
other waves arc formed, having their crest 
lines near the ship at right angles to the direc¬ 
tion of motion, but bent bank wards slightly 
as they approach and coalesce with the 
divergent waves. Those waves have a definite 
length between consecutive crest, lines, given 
in feet by 2tV s Iij, where V is the ship's speed 
in feet per second, and successive waves vary 
in height in the inverse ratio of the square root 
of their distance from some point in the bow. 
These waves are known as the hew transverse 
waves, and arc most readily seen in profile 
along the side of full-ended ships. Hitch ns 
ocean cargo vessels having lung lengths of 
parallel body, when forced above their natural 
or economical speed. Tim outer end of each 
transverse wave is assoc,in,ted with a divergent 
wave, and remains associated with it at all 
speeds, i.e. as the divergent wave moves out 
along the diagonal line, the transverse wave 
drops aft and increase's in length of crest line. 
These two sets of waves together constitute 
the principal wave features of the how, and 
are known as tlm how wave system. The 
middle portion of a ship, throughout which 
the section remains the same, does not give 
rise to any additional waves, hut at the after 
end another wave system, consisting of 
divergent and transverse waves, is formed. 
The transverse waves, in this ease, commence 
with a trough, which tends to form where 
the sections of tho ship begin to reduen lit 
area, and is followed by a crest at the stern 
post. The divergent system commences at a 
varying distance abaft the first trough, but 
is hardly visible in a well-designed low-speed 
ship. 

§ (25) OirATlAOTMUSTItlS OJf Divkkuent 
Waves.—T he first wave, at the bow of a 
low-speed ship, is generally called a “ bow 
breaker ” when it extends across the bows 
nearly at right angles to the middle line, with 


1 Math, and Phys. Papers, ii. and iv. 

* Roy . Soc . Proe . A, lxxxi. 3 Ibid . Ixxxix. 


the outboard ends curved hack, frequently 
foaming along the front slope of the crest. 
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Die rest of the waves following the bow 
breaker are different in character, “their crests 
being concave outwards, all of them making 
a much smaller angle with the direction of 
motion. _ Each succeeding wave is longer and 
smaller in height than the one in front of it. 
I he perjiendicular distance between the crest 
lines of consecutive waves when clear of the 
ship, is given by (2ttV-/ ;/ ) 8 in a /3, their velocity 
measured, in the same way being Y sin p, 
where V is the ship speed in feet per second, 
and /3 the angle between the crest line and the 
direction of motion. 

A straight line drawn from the bow through 
the points of maximum height of all the 
divergent waves on one side of the bow 
makes an angle with the middle line approxi¬ 
mately one-half that of the individual crest 
lines, and this relation holds good at all 
speeds. Increase in speed decreases all the 
crest-line angles, and in vessels of moderate 
speed the bow breaker becomes similar in 
character to the other echelon waves. 

At low speeds all the particles forming these 
waves maintain their general position relative 
to each other, but with increase in speed the 
particles of the surface levels near the stem 
move out and in very rapidly, as well as up 
and down, as the divergent wave crest passes. 
At still higher speeds, only the outward and 
upward movement remains, and in such vessels 
as destroyers and hydroplanes, the surface 
levels at the crest of the primary bow divergent 
wave consist of water thrown out in a curling 
broken stream from the ship’s bow, and 

lost en0I ' S ' y in tllis wator is iri ’eo°v©rably 

The angles between the crest lines and the 
middle line of the ship vary from 10° in a de¬ 
stroyer travelling at 35 knots, to 26° for a liner 
at normal speed, and 33 0 for a full-ended ocean 
cargo vessel at about 10 knots. Sharper angles 
to all the level lines of the fore end of the ship i 
usually produce smaller angles of divergence, 
and diminish the height of the bow breaker 
anil the amount of broken wator along its 
forward edge. 

Tho divergent waves at the stem in low- i 
speed ships are hardly noticeable, but when the 
form has rapid change in curvature as tho t 
lines approach tho stern, a sot of divergent c 
waves becomes apparent, commencing with its l 
pdmary crests a little abaft the first hollow r J 
of tho stem.transverse system. Tho angles s 
of the crest lines and other characteristics are a 
practically the same as those of tho bow p 
system. In high-speed ships the primary d 
crest of the divergent system starts from a t 
point near tho after end of tho ship, and is ti 
noticeable at all speeds, but its importance o 
diminishes with speed. n 

§ (25) Characteristics or Transverse b 
Waves. —Each wave of this system is of finite h: 


w length measured along its crest. In contour 
„ S ‘'“>? “spend to bo m extent upon the 
I Up-B form but they are equity much 

d ST T? ^ ***** <« ‘te after 

, slope. They are not so well marked as the 

t tolhf w7 aVeS ^ ° rdi T l ' y speeds > but °wing 
to the larger amount of water involved the 

e energy they absorb is considerable 5 

y If the how is sufficiently removed from the 

’’ the? 1 f fh the f° tion set up byjt t0 be negligible 

3 Wed As ? 0I l?- ete WaVe syste ™ s " are 
lormed. As a rule this is not the case and 

the waves seen at the stem are the result of 

3 ® y . St ®™ s coalescing. They naturally 

- vary m height and position with the ship’s 

’ sneM ti" 118 ’ -, etC - But f ° r aU ^derate 
speeds the positions of the bow and stern 

i pi ° ssure systems accompanying the ship do 
! n °b materially as the speed varies, 

and. the primary bow crest and primary stem 
1 nohow always tend to form at the same posi- 
• tions along the ship’s length. Observation and 
analysis of many experiments have shown 
that the distance between a point half-way 
between the primary bow crest and hollow, 
and the trough of the.primary stern wave, 
can he expressed in terms of the ship’s length 
and fulness, and is given by d=pL, where 

L is the length of the ship; 

P is tlle prismatic coefficient, or the ratio 
of the immersed volume to the pro¬ 
duct of the length and largest section 
area ; 

so that cl is the displacement divided by the 
largest section area. 

The height of the resultant crests will depend 
upon the phase difference between the two 
systems. If U h is the depth of the bow 
system wave hollow at the stem, and 7i , the 
stein system hollow, assuming the waves are 
trochoidal in contour, the depth of the re¬ 
sultant wave formed will he given by 

| A 2 = FV + h,p + 2kh 1 h z cos. (i) 

where I'U-d-^TrV 2 )/;/, oris a measure of the 
phase difference of the two systems. 

The fluctuations produced in the height of 
the following waves when the phase difference 
of the how and stem systems is varied, can 
bo seen from the wave profiles given in Fig. 6. 
These results were obtained with a series of 
ship models having identically the same bow 
and stern, between which varying lengths of 
perfectly parallel body were introduced. The 
dimensions of the form are given in the figure j 
the speed at which the measurements were 
taken was 340 ft. per minute. The positions 
of the primary bow and stem waves were 
unaffected by the amount of parallel body 
between them. The actual stern system is 
hidden in the model, but careful analysis 

3 a 
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of the different combinations shows that the 
primary stern waves are as dotted in the 
figure, and the combination of these with the 
actual bow system, gives the final set of waves 
at the after part of the ship. 


in potential energy, the half height of the wave 
from crest to hollow being 7r7t 2 /4L ft. above 
the still-water level, and the other half in 
kinetic energy involved in the rotary motion 


set up in 



§ (27) Energy absorbed in Waves. — 
Every wave created by any disturbance of 
the water surface involves the expenditure of 
an amount of energy, and if the wave con¬ 
tour is trochoidal, this is given in foot-pounds 
by 8L7 i 2 (1 - 7i- 2 /i 2 /2L a ) per foot run of wave 
created, where L is its length and h its height 
in feet. 

Approximately one half of this is absorbed 


the water. Amongst a group of 
uniform waves, each particle re¬ 
tains its energy of motion, but 
its potential energy depends upon 
its position. When a particle is 
to the rear of its mean position, 
it is always acquiring potential 
energy as it rises to the crest, 
and it gives this up when it is 
forward of its mean position as 
the back slope of the wave passes. 
In this way part of its energy 
is transmitted through the water, 
and the speed at which the whole 
group can travel without a supply 
of energy from external sources 
will depend upon the relation 
between the energy so trans¬ 
mitted and the whole energy in 
the waves. In trochoidal waves 
this is one-half, and a group of 
such waves if left to itself will 
advance at one-half the velocity 
of the individual waves. At each 
end of such a group there will be 
two or three waves of diminish¬ 
ing height, but otherwise the 
whole group will maintain its 
uniform height and character for 
considerable distances. 

If a travelling disturbance is 
creating such a group of waves, 
the fore end of the group must 
move with the velocity of the 
disturbance, i.e, the velocity of 
the individual waves, but well 
clear of the disturbance the group 
will move as before with one- 
half this velocity, and the length 
of the group will increase at 
a rate equal to 0110 -half the 
velocity of the disturbance. 
The energy required in unit timo 
to enlarge the group in this way, 
divided by the velocity of the 
disturbance, is the wave resist¬ 
ance encountered by it. In a 
ship the waves formed arc 
not. necessarily trochoidal or 
uniform, hut their general 
characteristics are the same, and the ship- 
wave resistance is governed by the same 
considerations as detailed above for a 
regular group, and the fluctuations in 
wave height of the final group at the rear 
of the ship should be reflected in the ship 
resistance. 

Havelock has shown that a travelling 
pressure disturbance similar to those of Fig, 4 
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will create waves and experience resistance 
which will vary with 

, , „ _ 2a{f 

1 A : e v- sin 2 ( a (/\ 

a' 1 V 1 ^V’ 

where a is nearly but not quite the longi¬ 
tudinal distance between the maximum and 
minimum values of the pressure, and A is a 
measure of the magnitude of the pressure. 
If A be taken to vary with tho square of the 
velocity, as would bo tho case for a submerged 
body, the resistance consists of an exponential 
teun and an oscillating factor. The combina¬ 
tion of two such pressure disturbances, the 
rear one of less magnitude than tho forward 
one, gives a number of terms containing the 
same exponential function, added to terms 
with oscillating factors in them. These oscilla¬ 
tions icaeh a maximum when waves are formed 
of length ^corresponding to the distance be¬ 
tween the two pressure humps, or a pressure 
hump and hollow at one end—particularly 
the bow. J 

§ (28),- The effect of tho fluctuations in 
wave height upon the resistance can be seen 
from the lower part of Fir/. 6. This shows 
the residuary resistance of the models at the 
same speed at which the waves in tho upper 
part of the figure were measured. Tho wave 
contours marked A, B, Cl, etc., correspond to 
abscissae marked A, B, C, etc., in the lower 
part of the figure. When a trough of the 
how system combines with a primary stem 
trough, it produces a large wave and a maxi¬ 
mum resistance. The aim of tho designer is 
•therefore to choose such dimensions and form 
that the resultant waves formed at tho usual 
or service speed are of minimum height i e i 
that D of equation (.1), § (27), shall bo equal 
to mH- l/2 (wave-length corresponding to tho 
speed) or (2n + l/2)( 1 rV^ J ). This can be put 1 
m a somewhat different and practical form by 1 
writing ‘ 1 


| will be continuous. When tho cosine term 
m equation (1), § (27), is zero, the resultant 
vyavo resistance is that due to the bow and 
stern added together, and is equal to that 
which would be obtained if the middle parallel 
portion was long enough to enable the waves 
of the bow system to spread, so as not to 
interfere with the stern system. The speed- 
length. values at which this occurs are given by 


(£Wi. -Jl 


(T’Y- f wave-length at s peed V 
\ prismatic coefficient x Jong} 


where V is tho speed in knots and L tho ship 
length in feet. 

Eor minimum wave resistance 

©“ ^h:| = ^ ^ ^ otc., 

and for maximum wave resistance 

®~ V'Yote. 

Tho highest speed for a maximum resistance 
is given by @=1-5 to 1-6. This holds good 
for all destroyers, motor boats, otc., and any 
growth of wave resistance beyond this speed 


§(29).—A second form of interference 
amongst the waves formed by a ship is duo to 
rapid change in sectional area of either end, pro¬ 
ducing a maximum negative pressure close to 
the maximum positive pressure of the end. 
When the speed is sufficient to form a wave 
with crest and hollow approximating to these 
maxi mu ms, tho resistance will increase at a 
greater rate. If this form is associated with 
double curvature of the load water-line, two 
sets of divergent waves may be formed, one 
as usual near the stem and the second near 
the point of inflection of tho water-line. The 
first set will have the smaller obliquity to the 
direction of motion because of the finer angle 
at tho stem, and these may cross the second 
set, giving rise to an interference effect similar 
to that of tho transverse waves. The usual 
result of such interference is to produce an 
increase above tho normal resistance at some 
particular speed. It is difficult to givo any 
accurate formula for the speed when these 
effects occur, hut an increase in resistance at 
a speed given in knots by 

V= I-08 ^length of tapering foro part of ship 

is usually found to bo duo to the form of tho 
bow being unsatisfactory in this respect. 

§ (30) Enijcii oil’ Type and Form on 
Resistance.-— To form a correct estimate of 
the effect of any form characteristic, it is 
host to reduce results to some standard form. 
Ship - resistance values are therefore usually 
plotted as @ ordinates to an abscissa of either 
©.v/,/4 or (k), whore 

(If) is tho ratio of tho ship’s speed to the 
speed of a wave whoso length is one- 
half tho sido of a cube having contents 
equal to tho ship’s displacement, 


\ j s _ re sistance __ ^horse-power 

displacement x (Jvf ’ x V 3 
(?) is as defined in § (28), 

Y being speed in knots, 

A displacement in tons, 

L tho length of the ship in feet. 
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Typical curves of (cT) are given in Fig. 7. 

A constant value of the (cT) ordinate means 
that the resistance varies as the square of 
the speed, and the absence of any serious 
wave-making. If in such a case the value 
is high, this usually means that the virtual 
size of the ship is greater, than the actual, 
owing to dead-water or eddy formation, either 


Typical © values for Ships 



at the upper levels at the stern, or due to a 
too abrupt turn of the bilge lines. 

At low speed the skin friction should 
account for some 84 to 94 per cent of the whole 
resistance, the former figure holding good for 
cargo vessels and the latter for narrow and 
fine-lined vessels. Since frictional resistance 
varies with a power slightly less than the 
square of the speed, the ordinate of the (cT) 
curve should diminish slightly as the speed 
is increased, until wave-making makes itself 
felt. Divergent waves show themselves by a 
steady rise in the ((T) value as speed is increased, 
the rise commencing at quite low speeds. 

§ (31) Cargo Ships. —These are not intended 
for more than 13 knots on a ship length of 
400 ft. A single hump in the (C) curve usually 
denotes the presence of a marked entrance 
wave, due to the bow lines being too fine or 
hollow. Such vessels require full (and some¬ 
times convex) bow level lines near the surface, 
associated with finer lines at the lower part 
of the ship. This produces V-shaped bow 
sections with considerable flare, a result which 
can also be obtained by raking the stem 
forward and upward. In this way the positive 
pressure produced by the lower levels is under¬ 
neath and tends to counterbalance the negative 
pressure of the upper ones, and the net result 
is to reduce the bow breaker (see § (25)) and 
its succeeding hollow, and at the same time 
ensure that the second bow divergent crest 
is Avell away from the form. In vessels of 
this type, for simplicity of construction, a 
considerable portion of the length .amidships 
has the same cross-section. This portion 
requires to be shaped into the tapering 
entrance by very gentle curvature, particu¬ 
larly at the bottom, so that there shall be no 
locality of high-pressure change. . 


The stern lines are usually settled by the 
considerations given in the section on eddy 
resistance. A length somewhat greater than 
that of the entrance is usually required, and 
it follows that the bow waves are always of 
more importance than the stern ones. 

§ (32) Moderate Speed Vessels. —This class 
includes the intermediate passenger steamers, 
fruit and meat steamers, and others working at 
speeds from 13 to 17 knots for a 400-ft. ship, 
or at (p) values of -55 to -7. There is a certain 
length of both entrance and run necessary to 
avoid abnormal wave-making. This should bo 
a little greater than that given by the formula 
V = l-08\/lv being fbo length of entrance 
or run. The transverse waves depend largely 
upon the longitudinal distribution of the dis¬ 
placement, and the shape given to the load 
water-line. The former is usually shown by 
a curve whose abscissa represents the length 
of the ship, and ordinate at any point, the 
area of the immersed cross - section at that 
point. This curve requires a slight hollow in 
it at both ends, the points of inflection being 
drawn as near amidships as possible so as to 
secure long ends. The stern water-lines should 
be as straight as possible. The bow lines 
should be either quite straight at the ends or 
slightly hollow, according to the features of 
the form and the speed. 

§ (33) Liners, Cruisers, and High-speed 
Mercantile Vessels and Steam Yachts.— 
These have speeds in the neighbourhood of 
(p) values of -8 to 1-1, or, roughly, 17 to 23 
knots for a 400-ft. ship. It is essential in 
these that the product (pL) shall be so arranged 
that the service speed gives a (R) value of the 
right order for minimum wave-making (see 
§ (28)), which for these vessels means placing 
the second crest of the how transverse waves 
as near as possible along the beginning of 
the run, or somewhat aft of amidships, whore 
it frustrates the formation of the storn system. 
Fine forms are necessary, and the curve of 
areas should be markedly hollow at both 
ends, the stern being somewhat fuller than 
the how, and the point of inflection in the 
curve should he kept well towards amidships, 
there being no parallel middle body. The 
load water-line at the fore end should he 
hollow to keep down the divergent waves, 
and this -with the long entrance keeps the 
bow wave system small. Filling out the ends, 
particularly the how, is always bad, and it is 
better to use fine ends associated with a large 
’midship section (which can ho made almost 
rectangular) than to cut away the midship 
section and fill out the ends. 

■ § (34) Channel and Mail Steamers.— 
When the speed is materially in excess of 
unity (p) value (which for most vessels of this 
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type means a speed in knots about equal to 
the square root of the length. over all) the 
hollowness of the ends of the area curve must 
be eliminated. The fine angle of the entrance 
is still required, but the load line should be 
practically straight for some distance from 
the bow, and its maximum ordinate should 
bo well aft of amidships. A cruiser stern, 
i.R. a stern of which the surface water-lines 
extend some distance aft of the rudder and 
the lower levels, is of great advantage to these 
vessels, as it increases the virtual wave-making 
length,, and enables the curvature of the 
stern lines to bo kept much easier than is 
possible with the vertical sternpost and the 
usual overhanging mercantile „ stern well out 
of water. 

§ (35) T.B. Destroyers and Hydro¬ 
planes.— -At very high speeds, two things may 
happen with any vessel. The hydrodynamic 
pressures may be sufficient, and the form may 
be adapted to make use of them, so that the 
ship is lifted to and supported at the surface, 
and “ planes ” at the top without serious 
wave-making. Alternatively it may continue 
to cleave through the water at all speeds. 
In this case the divergent waves at the bow 
continually increase, but the primary hollow 
of the bow system is now at or abaft the 
vessel s stern, and bow and stem transverse 
waves tend to cancel one another. A typical 
© curvo (A) is shown in Fig. 7. The drop in 

©) value at top speeds will continue so long 
as the cancelment of the transverse waves 
and the general diminution of their height, 
duo to their high speed, exceeds the growth 
of the divergent waves. Length of water-line 
entrance and fine angles forward are essential 
if the how divergent waves are to he reasonable. 
Aft, the water-lines may bo quite full with 
an abrupt finish. All the stream-lines near 
the stern now tend to form in planes parallel 
to the central plane of the ship, and to avoid 
I’apid pressure changes at the stem,. vertical 
fore and aft sections of the form (called 
buttock lines) should bo fairly flat, the slope 
from the water-line at the stern to tho keel 
being as small as possible. The essential 
factor in tho attainment of high speed is 
the ratio- (disphieoment^/longth. Tho more 
this is reduced, tho less is tho horse-power 
per ton required to propel tho vessel at 'these 
high speeds. 

If the vessel lifts to the surface it is called 
a hydroplane. Such a vessel skimming on the 
surface of tho water represents a single-pressure 
disturbance, and the energy involved in what¬ 
ever waves or stream-line motion are set up 
is not recoverable in any shape or form. 
The lines along which tho water will flow 
must bo given the smallest possible curvature 
and small angles to the horizontal. Mat 


cross-sections, meeting the sides at a sharp 
angle, give tho best result, but are not suited 
for meeting rough water, and in practice a 
compromise between this and the ordinary 
flaring ship bow must be adopted. The sharp 

corners where the bottom meets the sides_ 

called tho “ knuckle ” at the stem and the 
“ chine line ” forward—is necessary to effec¬ 
tively beat down the water. Without them 
water would cling to the sides of tho boat, 
and as speed is increased would mount up 
and ultimately swamp it. The chine line 
should bo quite full in plan, lifted above tho 
water at the fore end, and should bo arranged 
so that when skimming on the water it makes 
about 3° to 4|° to the horizontal. Below the 
chine the bottom must be arranged to prevent 
the formation of divergent waves, i.e. the 
sections must bo given a flat form just under 
tho .chine. If for the sake of longitudinal 
stability, or to attain greater lifting power 
and efficiency, the planing bottom is broken 
into two parts by working a step across it, 
the vessel will travel supported on this step 
and the tip of the stern. " The step should he 
placed about amidships, and should be such 
that the longitudinal tangent to the planing 
bottom at the fore side of the step makes 
°nly a small angle with tho line joining tho 
step and the tip of the stern. Air must bo 
admitted to tho bottom abaft the stop, other¬ 
wise considerable suction will be developed in 
this region, and the greater the supply of 
air, so long as there is no interference with 
tho stream-line flow, the better is the per¬ 
formance. 

§ (36) Shoal Water, Canal Walls, and 
Resistance.— When tho water in which a 
ship works is of finite breadth, or of small 
depth, the shape of the stream-lines is neces¬ 
sarily different from those in an infinite fluid. 
The general character of this alteration is 
shown by Fig. 5. Its effect is to produce a 
longer bolt of redwood, pressure along tho 
middle portion of tho form, and a greater rate 
of distortion of tho streams at tho ends. 
Those changes havo a threefold effect upon 
tho resistance of tho ship. Tho former involves 
greater mean relative velocity of the water 
past tho ship, and, therefore, an incroaso in 
tho frictional resistance of about the same 
percentage at all speeds, since tho effect 
depends only on tho boundary conditions. 
The increased rate of distortion at tho ends 
involves a less perfect replacement of tho 
wator behind tho ship, and this also means a 
constant percentage increase in resistance at 
all speeds—as long as eddy resistance varies 
as tho. speed squared. Moreover, any great 
distortion of the streams at tho stern renders 
them more or less unstable, and is liable to 
produce bad manoeuvring of the ship. Ex¬ 
periments have shown that to avoid all such 
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boundary effects a width of channel equal to 
eight beams is required in deep water, and a 
depth of about six drafts for a cargo boat, and 
7-5 drafts for a liner, with plenty of breadth 
in the channel. 

Both the above causes of resistance are 
fully developed at low speeds. To them must 
be added the larger waves formed due to 
the greater disturbance and rate of change 
of pressure. This effect is evident at speeds 
given by 

y\ nots =5-0 (depth of water in feet) 

and increases continuously up to a critical 
speed given by 

V\,iats= 11-5 (depth of water in feet). 

The constant is slightly lower when V is high 
compared with the natural wave-making speed 
of the ship, i.e. when it is a little above that 
giving a for maximum wave-making. At 
the critical speed the resistance is abnormally 
large, exceeding the deep-water value in some 
cases by 60 to 100 per cent. At still higher 
speeds this increase rapidly dies out, as the 
transverse waves are greatly diminished in 
height, and ultimately becomes somewhat 
less than in deep water. 

The general effect of breadth of channel, 
apart from that already mentioned, is to 
augment whatever wave-making would nor¬ 
mally be present, and to produce these waves 
at somewhat lower speeds than in open water. 
If both depth and breadth are restricted, an 
area of channel 200 times the largest immersed 
section of the ship is required to entirely 
avoid increase in resistance at low speeds. 
With a channel of one-fourth this section the 
increase at low speeds was about 8 per cent 
in two cases tried, but increased very much 
at speeds producing shallow-water waves. 

VI. Propulsion op Ships 

§ (37) Theoretical Considerations.— 
This can be effected either by such mechanical 
means as a tow rope, an endless chain, or by 
poling—methods only feasible in inland 
waters—-or by means of either of the two 
fluids in contact with the ship, i.e. the air and 
the water. With either of these, a forward 
thrust can only be obtained by the production 
of a change of momentum having a sternward 
component. This sternward momentum may 
be produced in the air by the action of sails, 
or in the water by oars, paddles fixed to 
rotating wheels, a screw propeller, or the 
ejection of water from piping ; but whichever 
propulsive agent is used, for efficiency the 
change of momentum must be as nearly as 
possible in the direction opposite to the line 
of motion, and must be effected with the 
least possible shock. 


I If Uis the sternward velocity imparted in 
the fluid, 

Q is the quantity of fluid acted upon 
per second, 

V is the relative velocity of the impeller 
and the undistu rbed fluid, 
w is the weight of unit volume of llir 
fluid, 

the thrust T of tho impeller will be given by 

T^'lTQ. 

V 

The useful work done equals 

TV = ?r QU V. 

{> 

With no loss due to shock, (lie j 
energy in the race duo to the | w 
velocity U imparted to it is I 
the oniy and inevitable loss J 

and the efficiency therefore equals 

y 

V-t-('U/2)’ 

This implies that on.o-ht.ilf the velocity IT 
is imparted to the water by tho timo it lias 
reached the propeller, and tho other half idler 
passing through it. If the race is rotational, 
and the angular and translational velocities 
are assumed to bo tho same throughout it, 
the equations for thrust and efficiency become 

rp Wo (tt T"(U“ \ 

17 V 4( V I U)/ ’ 

efficiency = .up)' 

where s=U/(U+ V), r is tlm external radius of 
the race column, and co its angular velocity. 
It should bo noticed that tho loss due to 
rotation varies with rw/U, which is the tangent 
of the inclination of tho spiral path of tho 
race particles with the line of motion. 

Tho quantity 3 is tho ratio of the sternward 
velocity imparted to the fluid by the impeller 
to the resultant velocity relative to the im¬ 
peller of tho sternward flowing stream, and in 
clearly connected with the slip ratio, im 
defined in § (41). 

For maximum efficiency two onnditiuiiH 
must be satisfied: 

(i.) The momentum must be impartial only 
in a sternward direction, and without any 
loss of energy in shock during tho acceleration 
of the water set in motion. 

(ii.) The sternward velocity imparted to tho 
water must be a minimum, or for constant 
thrust the propeller must act upon m large a 
body of water as possible. 

If the momentum is imparted suddenly to 
the water, the mean velocity of the water 
past the propeller becomes (Uq V). Tin* 
useful work remains the same as before, but 




SHIP RESISTANCE AND PROPULSION 


727 


the work put in is now T(U+ V), and the best 
efficiency becomes V/(V+U). In this case 
the whole velocity U of tlie race is imparted 
to the water at the propeller. 

There are other losses in propulsion, differ¬ 
ing according to the mechanism used. Chief 
among these are those due to friction of the 
propeller surface and turbulent flow produced 
in impelling the water, but these equations 
serve to show broadly on what factors efficiency 
depends. 

§ (38) Screw Propeller.— These equations 
hold good irrespective of the form of propeller 
producing the momentum, and may be applied 
to propulsion by oars, by paddle wheels, jet or 
screw propellers. Of these different mechan¬ 
isms for propulsion by far the most important 
in actual practice is the screw propeller, 
'■'■his consists of a series, usually three or four, 
of fan-shaped blades which rotato at the stern 
of a ship about an axis parallel to the keel, 
and arc so shaped as to produce by their 
action on the water a thrust which propels the 
ship. Owing to its large diameter the propoller 
acts upon a large quantity of water which it 
impels to the rear with a steady thrust, this 
sternward moving water forming a fairly well- 
defined column at the rear of the propeller 
called the “ race,” or slip stream. It is this 
steadiness of its thrust which separates the 
screw from the paddle and still more so from 
the oar (see § (53)). 

A somewhat better method of considering 
the efficiency of a screw propeller than the 
general one already given is due to Mallock. 1 
A propeller is made up of a number of blades, 
and each blade may bo considered as made 
up of a number of annular strips whose 
sections are known. If such an elementary 
annular strip is moving along the axis OY, 
and is rotating at the same time about an 
axis parallel to OY, its path then will he 
along a line OX, and we assume this is inclined 
at a small angle to the chord of the element. 

Its motion will bo resisted by a force R 
acting in the direction XO ; let DE represent 
this force. It will also bo subject to a force 
L due to the pressures of the water at right 
angles to OX represented in Fir/, 8 by AE ; 
A being a point on the line of 'motion OY. 
Now the force AI5 is equivalent to EO and 
0A, .thus the forces are DO and OA, and of 
these DO is equivalent to BO and DB. Thus, 
resolving the forces parallel and perpendicu¬ 
lar to OY, we have for the components in 
these two directions BA and DB; of these 
BA represents the thrust duo to the element 
and DB a force at right angles to the direction 


1 Inst, Naval Architects Tram, 1. 19(5. Per other 
theories of screw propeller action reference should 
he made to the following: Theory of CotterlU, Inst. 
Naval Architects Trans, xx.; it. JO. Fronde, ibid, xix., 
ui XJ i;’ xx 5, • j /beenhill, ibid, xxix.; Henderson, ibid, 
HI. lv,; Itanklne, ibid. vi. 



Fig. 8. 


and 


of rotation required to keep the element in 
rotation. 

The efficiency of the element as contribut¬ 
ing to the thrust is given by the ratio of tho 
components of these forces 
normal to OX, for the 
components in this direc¬ 
tion do no work on the ele¬ 
ment. Thus the efficiency 
is EE/FD. 

Now let a be the angle 
which the direction of 
motion OX makes with 
the normal to OY, and [3 
the angle given by tho 
relation tan /3=R/L. Then BAE = 

FAD = (3. Also BDO = a. 

Again FD = BD cos ct = AB tan (a+ (3) cos a 
and FE = perpendicular from B on AE = AB sin a. 
Henoo 

Efficiency=^ = —... ... AB sin .J?_ 

F I) AB tan (a-|- (3) cos a 

tan a 

~ tan (a-I- (3)' 

Provided that It and L are known, tho 
efficiency and thrust of every element of 
a blade can be determined, and by integra¬ 
tion that of the propoller is found. Thera 
is a largo amount of data of this kind for 
aerofoil sections, but when applied in this 
way to propeller calculations great caution 
is required. Duo allowance must be mado 
in the values of It and L for the interference 
of ono blade with another, for the effect of 
«hapo of blade and its “ aspect ” ratio, and 
the largo variation of velocity and pressure 
in the fluid at different radii. ’ As a rule the 
method is fairly good for efficiency calcula¬ 
tions, but is not accurate for quantitative 
thrust data, for which recourse must bo made 
to experiments. 

r ^ § (30) Screw Propeller, Experiments.— 
Theso are necessarily mado on a small scale, 
but experiments by Taylor 2 and Gebors 3 
have shown that the scale effect for water 
propellers in passing from 3 to 12 in. diameter 
and from 8 to 24 in. diameter is very small 
—loss than 2 per cent. Tests with air pro¬ 
pellers of (a) 2 and 15-ft. diameters, and {(>) 
0*2 and 14-ft. diameters have agreed to 
within 3 to 4 per cent. It is generally accepted 
therefore that model experiments can bo used 
for estimating both thrust and efficiency of 
foil-sized ship screws, 

§ (40) Water and Air Propeller Diwim- 
enoes.—A lthough the underlying theory for 
both types of propeller is precisely tho same, 
the propellers themselves' differ in several 
important respects. Theso differences are 
brought about partly by the conditions under 
Am. & 'oo. Naval Architects mul Mar. Ena. Trans, 
Schiffbau-QeseUschaJt Jahrbuch, 1910. 
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which they have to work, partly by con¬ 
siderations of material and construction of the 
propellers themselves. In an air propeller 
compared with a water propeller— 

(i.) The total thrust for a given diameter 
is relatively small. 

(ii.) The volume of air dealt with in unit 
time is large, but owing to its low specific 
gravity its mass is relatively small, hence 

(iii.) The attainment of high thrust per 
unit area of blade, with reasonable efficiency, 
requires high axial and rotational velocities 
compared with those of a water propeller. 

(iv.) Cavitation can only take place in the 
air at excessively high velocities, whereas in 
the water there is a limiting change of pressure, 
or thrust per unit area of blade, which can be 
produced at any part of the screw disc without 
a breakdown in the flow. To avoid this in 
high-speed ships the propeller blades are given 
wide tips with thick roots, and these represent 
a considerable departure from an air screw, 
although reasonably good efficiencies are 
obtained with them. 

(v.) The air propeller is much more flexible. 
At and above normal speed of advance, at 
thrusts involving a slip of about 30 per cent, 
the blade bends and the pitch may change. 
With a water propeller there is very little move¬ 
ment, owing to the rigidity of the material 
from which it is made. 

§ (41) Elements op Peopttlsion.—D efini¬ 
tions of terms used: 

The driving face or front of a screw blade 
is the surface seen when looking from aft to 
forward. 

The driving face is usually helicoidal in 
form, and a blade of uniform pitch is one 
whose face is a portion of a true helicoidal 
surface. 1 

The face pitch of a propeller is the distance 
parallel to the axis of rotation through which 
a point on the face would advance in one 
complete rotation of the generating line of 
the helicoid. 

If a propeller, considered as a thin sheet, be 

1 A helicoid is the surface traced out by a straight 
line one end of which moves uniformly along a 
straight line—tlm axis of the screw or helicoid— 
while the line itself rotates uniformly about that 
axis. 

If \ve imagine a circular cylinder described about the 
axis of rotation, the rotating line will cut the cylinder 
in a helix or spiral curve which is inclined everywhere 
at the same angle to a plane at right angles to the 
axis, so that, If the cylinder were cut open by a 
line parallel to the axis and developed into a plane, 
the trace would develop into a straight line inclined 
at a constant angle to the base of the cylinder; let 
this angle he a and let the diameter of the cylinder 
he cl. 

The distance, measured parallel to the axis.of 
rotation, through which the rotating line moves 
during one complete rotation, is known as the pitch 
of the helix or screw ; if p be the pitch then clearly 
from a consideration of the developed cylinder we 
have p — ~d tan a.. The ratio of p to d which is eaual 
to it tan a is known as the pitch ratio or pitch 
diameter ratio of the helix. 


made to move through the water so that its 
advance for each complete rotation is equal 
to its pitch, every point on its surface will 
move parallel to the surface. At no point 
will any blade have a component of velocity 
normal to its surface, and the propeller will 
exert no thrust on the water. We might 
define the pitch of the face as the advance per 
complete rotation at which the blade exerts 
no thrust. 

In practice, even if the face of the blade 
be of constant pitch, the back and edges of 
the propeller will have some effect on the 
water, but in all cases a speed of advance 
can be found for which the thrust vanishes. 

The effective mean pitch of a propeller is 
the distance through which the propeller 
advances in one complete rotation when 
producing no thrust. 

The pitch ratio or pitch diameter ratio is 
the ratio of the pitch to the diameter of the 
propeller; if effective mean pitch be used in 
the numerator of the ratio, it becomes the 
effective pitch ratio. 

Slip and Slip Ratio. —If P be the pitch of 
the propeller as just defined, and N the number 
of revolutions per second, then PN will he 
the distance traversed per second when pro¬ 
ducing no thrust; now V is the distance 
actually traversed, and it is found both by 
observation and experiment that the thrust 
depends on PN - V. This quantity is known 
as the slip, and its ratio to PN or the expression 
1-Y/PN is called the slip ratio and denoted 
by s. 

The developed area is the sum of the 
actual areas of the blades irrespective of 
shape. 

Disc area ratio .is the ratio of the developed 
area to the area swept out by the tips of the 
blades'. 

Blade-width ratio is the ratio of the maxi¬ 
mum width of blade along its surface, to the 
radius of propeller. 

Rake. —A blade is said to be raked forward 
or aft according as the centre line of the blade 
at the tip is forward or aft of the centre lino 
at the root. 

Shew bach is the displacement of the centre 
line of a blade from the normal to the axis 
when viewed from aft. It usually increases 
towards the tip, and is measured by the 
movement of the tip, circumferentially from 
the normal. 

When a ship is propelled by a screw the 
velocity and pressure changes which the screw 
produces in the water in front of itself, affects 
the ship resistance. Also the forward motion 
produced in the water by the passage of the 
ship, gives rise to a following current of wator 
called the ship’s “ wake,” in which the pro¬ 
pellers have to work. The net efficiency of 
a screw as a propelling agent will therefore 
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depend upon these effects of screw upon ship, 
and ship on screw. Let 

V be the speed of the ship in knots, 

N the revolutions of the screw, 

L the thrust of the screw behind the ship, 
which equals the resistance of the ship 
with screw working, 

R the resistance of the ship with no screw, 
S the shaft h.p. delivered to the screw. 

Let the screw be set working without the 
ship being present, the same revolutions being 
maintained, with the speed of advance adjusted 
to Vj so that the thrust is still T, but the 
shaft h.p, absorbed by it is now S r If the 
conditions behind the ship were uniform over 
the whole disc area of the screw, this speed, 
V 19 would be equal to the mean speed of the 
propeller through the water in the wake of 
the ship, and generally this is assumed to be 
the case. The propulsive efficiency of the 
screw behind the ship can now be written 



The last term is the screw efficiency in the 
open water. The other three terms express the 
effect of the ship and screw upon each other. 

Writing R/T = (!-<), t is a measure of the 
fractional excess of the screw thrust over the 
tow-rope resistance at the same speed, V, 
and is called the “ thrust deduction fraction.” 

Writing V/'V 1 =(l + w), w is a measure of 
the fractional excess of the ship speed over 
the velocity, Vj, which represents the mean 
speed of the water at the screw, and is called 
the “ wake fraction.” 

The term SJB is known as the “ relative 
rotative efficiency,” and is a measure of the 
relative powers required for the development 
of a given thrust at given revolutions in open 
undisturbed water and behind the ship. 

The propulsive efficiency can therefore be 
written 

/ screw efficiency \ / relative \ 

for undisturbed (1 - <)(1 +w)( rotative. ]. 

\ water conditions / \ efficiency / 

The product (1 - i) (I+w) is called the 
“ hull efficiency,” since it represents the ratio 
of RV, the tow-rope h.p. of the ship, to TV 1( 
the thrust h.p. of the screw, when developing 
in open water at the correct revolutions, the 
thrust necessary for the propulsion of the ship. 

The not propulsive efficiency of the ship 
will he that of the screw, multiplied hy the 
mechanical efficiency of the engine and the 
transmission gear between it and' the screw. 

§ (42) Screw Puom.i.Kus in Open Water. 

The general conclusions to be drawn from 
both theory and experiment are : 

_ (i.) That the thrust of a given screw at a 
given slip varies as the square of the speed 
of advance through the water, and at a given 


speed and slip ratio will vary as the square 
of the diameter, D. 

(ii.) The thrust and efficiency of any given 
screw will - depend upon the slip ratio (s) 
corresponding to its revolutions and speed of 
advance at any given moment. Of the experi¬ 
ment results published, Froude’s, 1 Taylor’s, 2 
Durand’s, 3 and Geber’s 4 are the most im¬ 
portant. To a large extent they cover the 
same ground and generally corroborate each 
other in defining the effect of pitch, width of 
blade, etc., upon the result obtained. For all 
practical purposes Froude’s data may be used, 
and his method of presenting results has been 
followed. It should be noted that whereas both 
Taylor and Geber use the face pitch of the 
screw in defining slip and true pitch, Fronde 
uses a pitch calculated from the revolutions and 
speed of advance, so that slip shall bo zero 
when thrust is zero. This is more in accord 
with sound theory, but the pitches obtained in 
this way require to he multiplied by a factor 
to get the face pitch of the ship’s screw. 
Froude gives the face pitch as 1/1-02 times the 
nominal pitch for ordinary screws, but it has 
been found that for small pitch ratios and 
large disc area ratios 1/1-04 gives better agree¬ 
ment between estimate and ship-trial result. 

Froude’s experiments were made with 
screws of uniform pitch, having a diameter 
of -8 foot, mounted on the fore end of a 
horizontal driving shaft clear of all obstruc¬ 
tions, the centre of the screw being immersed 
•8 of its diameter. All the screws were given 
a small boss -91 inch in diameter. The thick¬ 
ness of each blade varied from a quite small 
amount at the tip to -27 inch at the root 
where it joined the boss. The thickest section 
was always at the centre of the blade, and at 
right angles to the axis of the screw. .Pro¬ 
pellers with three and four blades wore tried. 
The outlines of the blades were generally 
ellipses, but for some of the three-bladod pro¬ 
pellers the tips were mado specially wide. The 
width of blade was varied so as to cover a disc 
area ratio (§ (41)) from -3 to -75, and the pitch 
ratios covered a range from -8 to 1-4. The 
thrusts obtained were expressed in a formula : 

T _ j 3 p + 21 l-02s(l --08s) 

b-v 2 p (l-s ) 2 1 

where T is the thrust in lbs., 

V is the speed of advance in units of 100 
ft. per min., 

P is the effoctivo or analysis pitch, 

P is the effective or analysis pitch ratio, 
which is equal to P/D, 

B is a blade factor depending upon tho 
number and typo of blades, and 
the disc area ratio, 
s is the slip ratio. 

1 Inst. Naval Are.hUe.els Trans. 1, 

’ -4m. Hoe. Naval Architects and Mar. Eng. Trans, xli. 

, Researches on the Seme Propeller. 

4 Schiffbau-Gesellschaft Jahrlmch, 1910. 
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This formula is based in part upon theoretical 
considerations. If it be assumed that T fox- 
unit diameter varies as the slip and as the 
square of the speed of rotation of the pro¬ 
peller, then 

T = aN 3 s. • 


The area, and for given revolutions the 
velocity of the blades, both vary as the square 
of the diameter, hence 


T=aD 4 N 2 s, 


T _ a s 

5®v i- .p* (l-sf 


Analysis of the experiments showed that a 
'varied as p(p + 21), and with constant pitch 
ratio a small correction for slip was required. 
B denotes the thrust capacity of the propeller 
as dependent on type, i.e. number, area, and 
shape of blades. 

The efficiencies for screws having three 
elliptical blades and a disc area ratio of -45 
are given in Fig. 9, each curve being for a 
particular pitch ratio. All the curves possess 
the same general characteristics. The maxi¬ 
mum efficiency is reached between 20 and 25 
per cent slip, and falls off slowly at higher 
slips. High pitch ratios give best efficiency 
at normal slip ratios, but their advantage 


surface of both the former gives a higher 
thrust value B, and in some oases Ibis nm 
be utilised to improve the efficiency, ns, all 
other conditions being the same, a smaller slip 
is required for a given thrust, and for slips 
above about 24 per cent this means .belter 
efficiency. In practice, therefore, there, is very 
little difference to be obtained on this score. 

To facilitate the use, of the data, for whip 
calculation, tho results are hotter expressed in 
terms of horse-power, etc. 


If IT=the thrust horse-power of the screw, 
i.e. tho power it delivers in thrust, 
N = revolutions in units of 100 per 
minute, 

Vx = speed, of screw through wake water 
in knots, 


T II , 33000 

D a v a :i.)“ Vi* x ioo(i-oi3) ;i ’ 
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Tig. 9.— -Curves of Screw Efficiency and X-Z, 


decreases as shp increases and is gone at 40 
per cent slip. For any other disc area ratio, 
a small correction is required, the efficiencies 
decreasing as blade area increases. For 
wide-tipped blades a constant deduction of 
•024 is to be made, and for four-bladed screws 
a deduction of -0125 in addition to the above 
disc area ratio correction. 

Although a four-bladed, or three-bladed 
wide-tipped propeller, working at the same 
slip as a three-bladed elliptical propeller, has 
slightly smaller efficiency, the more effective 


Both X and Z are functions of slip, and ft, curve 
of Z to a base of X is given in Fig. 1). The 
term V* is given by V/(l -Mo), where V is the 
ship’s speed (see Table II, for w values), and 
in estimating ship powers H is usually taken 
some 7 per cent more than the tmv mpo 
power, to allow for air resistance of upper 
works, rudder resistance, eto. 

It should be understood that I hose results 
are for screws having clean smooth surfaces ; 
the effect of a rough surface is dealt; with 
in § (46). 
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§ (43) Variations of Propeller Blades, 
(i.) Lake and Skew Back. —Model experiments 
sliow that raking the blades forward or aft 
up to 15° has no effect upon either efficiency 
or thrust in open water. But rake aft is of 
considerable advantage in both single and 
twin screw ships, in keeping the blade tips 
away from the hull surface, where, owing to 
the frictional drag, the feed of water to the 
blade tip is very poor. Skew back or bending 
the blades in a transverse plane carries no 
piopulsive advantages, but where there is 
any considerable amount of weed in the water, 
it helps the blades to clear themselves. 

(ii.) Disc Area Ratio. —Ear all practical 
purposes the efficiency of a propeller is un¬ 
affected by its disc area ratio, provided that 
it is less than -5, i.e. provided that the total 
area of the blades is less than one-half the area 
swept out by the tips. With large disc area 
ratios the efficiency drops, particularly with 
small pitch ratios. Eroude found that this 
loss was practically independent of slip, and 
gave correction curves for several pitch ratios, 
to be applied to the standard efficiency curves 
oi Fig. 9. This loss is chiefly due to the 
reduction of the ratio (blade width)/(gap be¬ 
tween blades) with increase of area. It is well 
.Known from tests with flat blades in water and 
in air, that increase in this ratio reduces the 
thrust per unit area and the efficiency. The 
.ratio can be written in the form nb/{2irr sin a), 
where b is the width of the blades at radius r, 
n is the number of blades, and a is the pitch 
fiiigle,^ Increase of n or b, and decrease in a 
(or pitch), will therefore have an aclverso 
effect. 

Tho thrust of the screw drops with area aB 
shown by tho B curve of Fig. 9, but the thrust 
pei unit area increases, as tho disc area ratio 
decreases. Excessively wide blades do not 
in,crease the thrust value of a screw materially. 

71 his can be improved somewhat by moving 
the area out towards the tips of the blades, 
out such wide blades are only used for the 
avoidance of cavitation. 

(iii.) Variable Bitch Ratio. —Eroudo’s results 
are for screws of uniform pitch ratio. The 
general effect of this factor can be seen from 
a study of Fig. 9. It is not uncommon for the 
pitch of screws to increase from the leading to 
the trailing edge—a change which produces 
flight hollow of the driving face. Tliorny- 
oroft tested this on some model screws, and 
.Ilia results showed a slight improvement in 
oilioioncy. Taylor has tiled the revorso, viz. 
i x, slight decrease of pitch at tho loading edge. 
With a small pitch ratio (-8) a little improve- 
uncut is effected at moderate slips, but, with 
i.D pitch, ratio of 1-2 on the faco, there was a 
A'{-n.oml loss of about 7 per cent at all high 
slips. Taylor’s experiments with blades having 
rounded faces showed that to produce the 


same thrust as with flat faces, the revolutions 
had to be increased—-in some cases 10 to 15 
per cent, but there is not sufficient data to 
clearly define the effect of gaining or decreas¬ 
ing pitch {i.e. hollow or rounded face) on thrust. 

§ (44) Roughness op Surface of Blades. 
—All the results given in § (42) are for screws 
with smooth surfaces. If these are made 
lough the efficiency drops. Thus, with a 
propeller of 6 feet diameter fitted to a pin¬ 
nace of 18-5 tons weight, giving tho propeller 
a surface equivalent to that of coarse sand, 
involved an increase of 8 per cent in the 
revolutions for the same speed as before, and 
an increase of the power at all normal speeds 
from 12 to 20 per cent. With small pro- 
pollers 1 1-3 feet in diameter, the same kind 
of roughness reduced the maximum efficiency 
from 72 to 36 per cent. The relatively greater 
effect produced here was due to the size of 
the particles on the surface being much 
greater compared with the dimensions of the 
propeller than in the former case. The 
same small propeller with a surface as cast 
showed 9 per cent less efficiency at small 
slips and 4 per cent at high slips, than when 
polished. Allowing for increase in size, the 
loss on a 10-ft. diameter propeller with such 
a surface would bo of the order of 2 per cent. 
r ^ § (45) Screw Propellers behind Ships.— 
Tho propulsive efficiency has been shown, to 
be equal to the product of the screw efficiency 
in the open water and three other terms, 
viz. (1+w) (l~t) (rotative efficiency), which 
vary as the wake velocity and tho interaction 
between the screw and ship. It has been 
found by many experiments that these terms 
are not independent of each other. If the 
wako fraction w is high, t is also usually high. 
Provided there is streaming* water at the stern 
(or no actual break-down of tho stream-lino 
flow), experience shows that these three terms 
together approach unity. Ear twin-screw 
vessels of moderate fineness, their total value 
is about "96 to '98 at low speeds, and for singlo- 
serew vessels tho value rises to 1-0 and 
occasionally 1-06. With full stems carrying 
any dead-water {i.e. eddy water at those parts 
where, owing to tho fulness, there is no steady 
flow), particularly with single-screw vessels, 
their total value falls off, owing to the poor 
conditions under which tho propeller has to ■ 
work. There is little data on this at present, 
hut values down to -85 have been obtained in 
practice. 

But although these factors tend to cancel 
oaoh other as regards total efficiency apart from 
the screw itself, a proper valuation of the wake 
fraction is necoasary, as tho velocity of tho 
screw through the water, and therefore its 
slip and efficiency, depend upon it. 

L- 4 ® 1 * Soe ’ Naval Architects and Mar. Eng. Trans. 
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Wake is the water at the stem of a ship 
to which the latter has imparted forward 
motion. The absolute velocity of this water 
is called the “ wake velocity,” but it is usually 
only measured for that portion of the wake 
in which the propellers work. In the nomen¬ 
clature already used this velocity is {vNjl +w). 
This forward velocity is due to three causes, 
the relative effect of which varies in different 
types of ship : 

(i.) The frictional belt increases in thickness 
continuously towards the stern, and, where 
the lines are closing in around the stern, 
tends to intermingle with the surrounding 
water — an effect winch increases with the 
fulness of the after-body. 


of the surface in a ship of 400 foot length, tf • 
very high—in some ouhoh ns much ns n.ie-lmlt 
the ship’s velocity—and shine the action nl tin* 
screw is improved by working it m a Htreum ui 
which the velocity is tho same at all parfn, tho 
screws are so placed on a ship that the blades 
are well clear of tho hull. I'Apemmee and 
experiment show that the wake Inictmn ik 
practically independent of the form and hlinens 
of the fore part of a ship. E'lhmss «»i the alter 
end increases the wake <>t single-scrmv ships, but 
in twin-screw ships its effect is very small 1m 
good forms, provided that the clearance between 
the blade tips and the hull remains about the 
same. Small clearance gives high wake mic¬ 
tions, but somewhat lower hull efficiency. 


Table II 


Ship Wake and Hull Epfioienov Values 


Ship. 

Length. 

Feet. 

Breadth. 

Feet. 

Draft. 

Feet. 

Displacement, 

Tons. 

PrlHiuatla. 

Coefficient. 




Single-Screw Ships 


Flavio Oioja 

247 

41-6 

16 

2500 

•62 

Vessel L2 . 

400 

60 

18 

7450 

•62 

Vessel X . . 

400 

58-0 

21-5 

13600 

•08 

Vessel L . . 

400 

58-8 

17-6 

7720 

•68 

Monarch 

330 

57-5 

23-7 

8100 

•73 

Vessel M 

400 

53-3 

24 

10528 

•73 

Vessel M2 . . 

400 

67-3 

26 

13140 

•79 




Twin-Scraio Ships 


Iris .... 

300 

46 

18-1 

3290 

•55 

Cruiser I. 

400 

71-2 

26-2 

11080 

■57 

T.B. Destroyer . 

400 

39-5 

10-3 

2050 

•59 

Cruiser 2 . . 

400 

52-5 

22 

6500 

•57 

Liner A . . . 

400 

52 

18-6 . 

0500 

•03 

Italia 

400 

72-8 

28-3 

13850 

•65 

Liner B . 

400 

50 

19-5 

7200 

•07 

Majestic. 

. 390 

75 

27-5 

14850 

•09 

Liner C . 

400 

54 

19-3 

8400 

•73 


Klintfl. 


ir» 


14-5 


15 

10 

10 


1(5 Ti 

UO 

40 


144) 

17 

15 


Wn Uh. 
lauijUi'u. 


in.ii. 

l-aiirlmiuy. 


24 

22 

H>2 

24 

■07 * 

32 

1 -OS I 

37 

H> ! 

37 

1 419 

45 

14)7 


06 

•Of! 

10 

•08 

001! 

•07 

07 

•07 

00 

•OK 

14 

1-0 

15 

•05 

•Hi 

•04 

•20 

•00 


(ii.) When the stern is too full and rounded 
for proper stream-line flow, eddies form and 
constitute a mass of water called “dead-water,” 
which is dragged along at. the same velocity 
as the ship. This occurs at the surface level 
lines of all ocean cargo boats. 

(iii.) If the ship is moving fast enough to 
form marked waves, the orbital velocity of 
the particles forming the waves will add to 
the forward movement of the water where a 
wave crest is formed, and tend to cancel it 
where there is a wave hollow. In torpedo- 
boat destroyers this effect is very marked at 
all high speeds when the stern is riding in a. 
marked wave hollow, and is sufficiently great 
in some cases to more than cancel any forward 
wake due to friction (see Table II.). 

The intensity of the wake'velocity varies 
at different points, decreasing both towards 
the keel and outwards from the middle line. 
Quite close to the form, i.e. within 2 or 3 feet 


Since the passage of a ship through llu* 
water inevitably sets up a forward moving 
wake, and it is equally inevitable that for Urn 
production of thrust tho screw must not up 
a rearward moving column, in so far as llu'se , 
two can he made to cancel one another, 
there will he less velocity in the water tell 
behind by the ship, and the energy required ; 
• for propulsion will bo decreased. By plncim; j 
the propeller well aft this is partially achieved, | 
and the energy thus saved is sometimes called 
the wake again. This constitutes a distinct 
advantage of screws placed at the stern, aud .i 
gives a single screw a slight advantage ovt* 
any other, provided that no portion of Iht* s 
screw is required to work with water in violent 
eddy formation ; the extent of this advantage*'» 
is shown by the hull efficiencies of Table IT. 

§ (46) Cavitation, —This is .the name given j 
to the formation of cavities in the water mi j 
the blade surface of a screw propeller—usually \ 
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near its leading edge. It was first noticed 
in 1894, on the trials of the Daring. The 
formation of such cawities shows itself by 1 
absence of proper increase in thrust with | 
increase in revolutions of the propeller shaft. 
When it is present it is believed that coreless 
vortices are continually formed, close up, and 
collapse on the surface, and the concentration 
°1: t * le energy of collapse on a small portion 
of the surface produces a hammering action 
which erodes the blade and sets up vibration 
in the propeller. 

_ Cavitation may be produced by several 
different causes. A propeller produces its 
thrust partially by increased pressure on its 
i ear face, and partly by suction on the leading 
face. When the suction at any point has 
reached the still water pressure, increase of 
speed of rotation cannot produce more suction, 
and the water supply to the screw will there¬ 
fore remain the same although the revolutions 
have been increased, and will not be equal to 
the demands of the screw. This results in a 
break up of the flow, and the momentary 
formation of cavities. This break up will 
first show itself where the suction and thrust 
are greatest, which occurs at about one-seventh 
of the radius from the blade tips, towards the 
leading edge. The suction is always on the 
back of the blade, but if this is very full near 
the leading edge, it tends to produce at small 
slips suction on the driving face close up to 
this edge. The 'avoidance of cavitation 
therefore requires that good suction must be 
obtained without any high local value. .For 
this the leading edge must bo sharp, the 
back have no sudden change of shape, and 
the contour of the blade tips must be well 
rounded. 

If the propeller does not rotate uniformly, 
tho maximum thrust (on which cavitation 
depends) exceeds tho mean (on which pro- 
pulsion depends) by an amount depending 
on the variation in rate of rotation during a 
1 revolution. With turbine drive the rate of 
revolution is fairly constant, but with recip.ro- 
cating engines 1 the departure from mean rate 
varies from some 4-0 per cent with a four- 
, °renk balanced engine in a high - speed 
passenger ship to 12 per cent with a two- 
crank compound engine in a cargo boat. The 
: limiting thrust at any point, 'above which 
; cavitation will occur, will diminish in sympathy 
with such variation in the rate of revolution. 

| ^ third cause of cavitation is the difference 

/ in the water supply to the tips of the blades 
f when these are close to the hull surface. In 
f i this region- the water is being drawn forward 
with the ship, and the slip angle of the screw 
f ! blade is thereby greatly increased, and the 
■ I thrust becomes correspondingly great. The 
An M g lier the tip velocity, the'greater should 
1 Inst. Naval Architects Trans, xlvii. 


be the clearance between the hull and the 
screw tip. Cavitation due to this cause 
usually produces emphatic local vibration of 
the hull plating in the immediate neighbour- 
hood of the screw tip. 

The maximum pressure per square inch of 
the blade surface which a propeller can exert 
will depend upon many practical details, 
-the maximum suction at any point which 
can be produced is that equivalent to the 
atmospheric pressure (14-0 lbs. per sq. in.) 
plus tho depth of water. Hut taken over tho 
whole blade surface the pressure will he 
considerably lower than this, as tho actual 
thrust is always much greater towards the 
tip than at tho root. With deep immersion, 
directly driven turbine screws having good 
clearance from the hull, on a lino lined ship, 
have given pressures up to 13-5 lbs. per sq. in. 
of blade surface. On the other hand, Barnaby 2 
gives pressures of only 8 to 9 lbs. per sq. in. 
for propellers driven by four-cycle internal Mill- 
bustion engines, irf which the turning moment 
varies considerably during a revolution. 

§ (47) Multiple Screws.— When a ship 
is propelled by a number of screws, each on a 
separate shaft, each may he considered by 
itself, and its thrust and efficiency be obtained 
as already detailed. The screw discs, when 
projected on a transverse plane, should if 
possible clear each other, as the race column 
of the forward one does not have a good 
effect on the after one. Luke’s 2 experiments 
show that for a -reasonably line vessel, having 
a block coefficient of •(>, the after screws have 
no effect on the forward ones, but the forward 
screws decrease the wake fraction of the after 
ones (in this particular case from •2 to -14) 
so that their hull efficiency was B-B per cent 
less than it was with no forward screws. 
Generally it can he said that the host result 
is obtained with the smallest number of screws 
consistent with the development of the re¬ 
quired thrust for propulsion at a reasonable 
slip ratio. 

(i.) Tandem Bctpaos.— Those consist of two 
screws placed on tho same shaft, necessarily 
turning in tho same direction with tho same 
revolutions. They-are inefficient in working, 
and the thrust developed by them is little 
more than that developed with a single screw 
of the same diameter. This result appears 
from Luke's and Durand’s experiments to ho 
independent, broadly speaking, of the relative 
pitches of the forward and after screws. A 
fast_ passenger steamer, the King Edward, 
originally fitted with five screws, two each 
on two wing shafts and one at tho middle line, 
did better when tho outer ones were rcmovocl 
and only one screw working at lower revolutions 
was fitted on each shaft. 

a Marine Propellers C1920). 

Inst. Naval Architects Trans, lvi. 





734 


SHIP RESISTANCE AND PROPULSION 


(ii.) Contrary Turning Screws. — In ■ small 
ships, two propellers can be placed on the 
same shaft line, and be turned in opposite 
directions. Rota has tried this on a pinnace 
and in models, and the results give a reputed 
gain of 20 to 25 per cent in efficiency. _ Such 
propellers are used for the propulsion of 
torpedoes, the diameter of the after one 
being reduced so that the opposed torques 
on their shafts shall balance each other, and 
a good efficiency is obtained. 

Luke 1 has tested the efficiency of such a 
combination in open water. His screws were 
all three-bladed, 6 in. in diameter, placed 
close together, the leading one being of. l - 2 
pitch ratio. The best efficiency was obtained 
with an after screw of 1'6 pitch ratio, and 
■was -86 that of a single screw. The thrust 
was roughly twice the thrust of a single screw 
of the same diameter. When placed behind 
a model, the contrary turning screws showed 
a larger wake and a consequently greater hull 
efficiency, representing a total improvement 
of 15 per cent on a full model, and just suffi¬ 
cient to cancel its lower “ open ” efficiency on 
a fine one—comparisons being made with 
twin screws in each case. This arrangement 
has not been tried on any large ship, and since 
it is not clear to what extent the rotative 
efficiency of the screws were affected behind 
the ship', the total effect may be less advantage¬ 
ous than the above result suggests. 

§ (48) Propellers with Guide Blades.— 
The action in contrary turning screws is some¬ 
what allied to that between a screw propeller 
with fixed guide blades placed immediately 
at its rear so that the water in the race leaves 
the guide blades without whirl of any kind. 
This arrangement w r as first tried by Thorny- 
croft in his “ turbine ” propeller. This con¬ 
sisted of a screw propeller worked inside a 
cylindrical casing, the blades being secured to 
a boss which increased in sectional area from 
the leading to the trailing edge of the screw, 
the section of the channel between the con¬ 
taining cylinder and the boss being pro¬ 
portioned to suit the acceleration of the water 
produced by the blades. The pitch of the 
blades increased towards the after edge, aft 
of which were numerous guide blades fixed 
to the containing cylinder and to the long 
tapering after part of the boss. The rotation 
of the water set up by the blades is converted 
into fore-and-aft motion by the guide blades, 
and utilised except for loss in friction of 
guides. Bamaby states that the thrust 
delivered by the blades amounts to about 
one-third of the whole. Wagner 2 has adopted 
similar guide blades, but without any contain¬ 
ing cylinder or tapered boss, and obtained an 
increase in propulsive efficiency of about 8 per 

1 Inst. Naval Architects Trans., lvi. 

* Schiffbau-Gesellschaft Jahrbuch, 1911. 


cent on a cargo vessel at 12-5 knots, and 11 per 
cent on a first-class torpedo boat at 32 knots. 

§ (49) Hydraulic or Jet Proi’ellku.- .In 

this propeller, water from tho fore end. or 
bottom of the ship is drawn into a centrifugal 
pump, and discharged through pipes in a 
sternward direction. Compared with a screw 
propeller the quantity of water noted on by 
the pump is necessarily small, unless ab¬ 
normally heavy machinery is used, and to 
obtain the necessary reaction the velocity 
imparted to the water must, thereloro,. be 
high, and this militates seriously against 
efficiency. In addition to this defect there is 
considerable loss of energy due to friction of 
the piping and its bends, and some Josh by 
shock at the water inlet unless this is shaped 
as a scoop, so that the water retains its velocity 
relative to tho ship on entering it. . The 
efficiency of tho jet alone, with an ell knout 
scoop at tho entrance, is approximately *7, 
and that of the pump action is -5 to.-b, giving 
a total efficiency of *35 to 42 against •() to 
•75 in a screw propeller. Its only sphere of 
usefulness is in cases where an external water 
propeller would be dangerous, and a modern 
air propeller cannot be used. 

§ (50) Paddle Wheels.— A paddle wheel 
consists of a wheel rotating about a transverse 
horizontal axis, having paddlo blades (or 
“floats” as they are termed), also in trans¬ 
verse planes at its periphery. The wheel is 
placed either over the stern (when tlie vessel 
is called a stern-wheeler), or on each side at 
about the middle of the ship, ho that the 
blades send a stream of water aft when tho 
wheel is rotated. The wheel requires to ho 
so arranged that at the working speed of the 
ship, the apparent slip, measured at the outer 
edge of the blades, shall be of tho order of 
20 to 25 per cent, and tho paddles shall bo 
just immersed, due regard being paid to the 
change of water level near tho wheels when 
under way. In small fast passenger vessels, 
at service speed, the water level usually drops 
relative to the ship at the wheel position. 

The maximum theoretical ollioioney is 
determined by the equations already given 
(§ (37)). To avoid loss by shook, tho paddles 
of modern wheels are pivoted on a transverse 
axis at their centre, and rooked about this 
axis by an eccentric, so arranged that on 
entering and leaving the water tho motion of 
the blades relative to the water shall be 
parallel to their surface, but when in the 
water they shall faoe as near sternward as 
possible. The breadth of a wheel varies from 
one-third to one-half the breadth of tho ship, 
so that a large quantity of water can bo dealt 
with, and only small velocities need ho im¬ 
parted to it, to obtain the necessary thrust. 
This propeller is only of use in vessels of 
which the draft is fairly constant. It is Homo- 
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times preferred to screws in shallow water, as 
the banks and bottom are not eroded so much 
by its wash. 

§ (51) Oars. —The action of an oar is very 
similar to that of a paddle-wheel blade, and 
its efficiency is determined by the same factors. 
In a rowing eight the average speed may be 
taken as ten miles per hour, and the speed of 
slip of oar blade through the water as about 
5 ft. per second (corresponding to a pull on 
the end of the oar of about 50 lbs.). Neglect¬ 
ing all motion other than sternward in the 
slip stream, the efficiency of a blade will be 
74 per cent. The lateral and eddy motion 
set up is considerable, but even allowing for 
this, the blade efficiency is greater than that 
of a jet propeller. 

§ (52) Sails. —The general principles of 
propulsion by sails are the same for all ships, 
whether they have square or fore-and-aft rig. 
The propulsive effect will depend upon the 
change in momentum in a fore-and-aft direc¬ 
tion of the air impinging on the sails, which 
varies with the speed and direction of the wind 
relative to the sails, and the inclination of the 
latter to the desired course. When a sailing 
ship has attained uniform, speed under certain 
conditions of wind and sail area, its actual 
course will be inclined at a small angle (known 
as the leeway angle) to her keel line. This 
angle is generally small, seldom exceeding 
10°, and its tangent gives the ratio of the 
lateral to the ahead speed. The angle must 
be so adjusted by the rudder or by shifting 
sail, until balance between air and water forces 
lias been obtained. In reckoning wind pressure, 
due account must be taken of" the motion of 
the ship relative to the wind. If the ship’s 
course when sailing on a wind is along the 
line AB, and its keel line is AO, and YY is 


maximum of about 70° for ordinary ships 
at about 10 yaw, and remains there for a 
considerable further increase in leeway angle 
The water force along the keel line of the 
ship does not vary much for small angles 
of yaw, but it grows rapidly with angles 
beyond 10 . For this reason it is never 
efficient to sail a ship at large leeway angles, 
bmcc the angle between the water force AR 
and the ship’s course cannot exceed about 
' u > and taking the angle 5 to be 10° to 15° 
when close hauled to the wind, there is no 
purpose served in bracing the plane of the sail 
nearer than 30° or 35° from the ship’s course 
or with an angle of yaw of 10°, 20° to 25° to 
th ® k®® 1 line - ^ be assumed that the sails 
will draw ” with the yards braced to within 
lo _ of the apparent wind, the vessel can 
maintain a course not nearer than 45 to 50 
degrees to this wind. The above figures are 
approximately correct for large square-rigged 
slups, and are independent of speed; fine- 
lined fore-and-aft-rigged vessels, with large 
central fins or dropped keels, would have 
larger a values and sail somewhat closer to 
the wind. The closer the plane of the sails 
is brought to the keel line of the ship, for a 
given wind, the greater is the angle W, AY 
between the relative wind and the sails. 
This increases the magnitude of the force 
AR, and is an advantage so long as the 
increase in leeway angle resulting from the 
greater lateral wind force does not increase 
the water resistance to ahead motion more 
than the propulsive air force has increased 
from the greater value of AR—a matter which 
depends upon the area of sails used and many 
other seamanship items. o, g. B 


the position of the 
sails, let WA be the 
wind force in mag¬ 
nitude and direction. 
If WW :1 is the uni¬ 
form speed of the 
vessel, WjA is the 
true wind. The re¬ 
sultant force, AR, on 
any plain area such as YY, will act at a small 
angle d aft of the normal to YY, varying 
from nil when running before the wind with 
YY squaro to AC, to about 10° to 15° in 
square rig and somewhat less than this in 
yachts, when sailing as close to the wind as 
possible. It should bo observed that to make 
headway at all, the angle between the yards and 
the course must never be less than this angle. 

The sail force, AR, must be balanced by 
the water forces. When a ship form .is towed 
through the water at small angles of yaw, 
the angle between the tow lino and the keel 
increases very rapidly with yaw, attains a 


Shoal-water and Ship Resistance. See 
“ Ship Resistance and Propulsion,” § (36). 
Siemens, Sir William, maker in 1871 of a 
practical form of pyrometer based on the 
change of resistance of platinum with 
change of temperature. See “ Resistance 
Thermometers,” § (I). 

Silica : 

Coefficient of Apparent Expansion of 
Mercury in, determined by Harlow. See 
“ Thermal Expansion,” § (11) (fi.). 

Eused, used in tube form as protection for 
thermoelements up to 1000° C. in an 
oxidising atmosphere free from alkalis. 
See “ Thermocouples,” § (4) (ii.). 

Silicates : 

Interval ” and Instantaneous Mean Atomic 
Heats of, White’s tabulated values. See 
11 Calorimetry, Method of Mixtures,” 

§ (10), Tables I., II. 

Specific Heats of, at High Temperatures. 
See “ Calorimetry, Method of Mixtures,” 
§( 10 ). 
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Silver : 

Atomic Hunt of, at low temperatures, 
Nornst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” 

§ (11), Table VI. 

Solid and Molten, Emissivity of, determined 
by optical pyrometer. See “ Pyrometry, 
Optical,” § (21). 

Specific Heat of, at various temperatures, 
tabulated, with the Atomic Heat. See 
“ Calorimetry, Electrical Methods of,” 

§ (10), Table V. 

Similitude, Application op Principle to 
Convection Currents. See “ Heat, Con¬ 
vection of,” § (2) (iii.) (iv.) and § (4) (iv.). 

SIMPLE HARMONIC MOTION 

This may be defined as the orthogonal 
projection of uniform circular motion. Thus if 
a point Q (Fig. 1) be supposed to describe a 
circle with constant velocity, and if its position 
at each instant be projected orthogonally on a 
fixed diameter AO A', the particular type of 
rectilinear oscillation which the projection P 
executes between its extreme 
positions A, A' is called a 
\Q 0 “ simple harmonic,” or some- 
-)A times merely a “ simple ” 
vibration. 

If w be the angular velocity 
of Q in the circle the inter¬ 
val between two successive 
transits of P in the same direction through 
any given position will be 2 t r/w. This is 
ealled the “ period ” of the vibration; its 
reciprocal w/27t which gives the number of. 
complete vibrations per unit time is called 
the “ frequency.” The distance (a say) of 
the extreme positions A, A' from the mean 
position 0 is called the “ amplitude.” The 
angle AOQ, is called the “ phase.” 

The velocity of Q is at right angles to OQ 
and equal to cora. It is therefore represented 

by the vector u . OV, where OV is the radius 
drawn 90° ahead of OQ. The component in 

AA' is represented by w. 0U-, which is there¬ 
fore the velocity of P. Again, the acceleration 

of Q is represented by w 2 . QO, and the com- 

ponent of tins in AA' is w 2 . PO, which is 
accordingly the acceleration of P. 

It is this property, that the acceleration 
is directed always towards a fixed point, and 
is proportional to the distance from that 
point, which gives simple harmonic motion 
its special importance in Mechanics. A body, 
or (more general^) any system having one 
.degree of freedom, which is slightly displaced 
from a position of stable equilibrium is urged 
back towards this by a force approximately 


Pig. 1. 


proportional to the displacement. This is 
the case, for instance, with a pendulum, or a 
galvanometer needle. If the body be left 
to itself its motion will (so far as the approxima¬ 
tion holds) be simple harmonic ; for we can 
always construct a type of simple harmonic 
vibration which obeys the required law of 
acceleration, and also satisfies prescribed initial 
conditions of displacement and velocity. 

If Q, () be the initial position of Q in Fig. 1, 
the angle AOQ 0 is the initial phase. Denoting 
this by e, we have AOQ = ut+e. Henco if x 
denotes the displacement OP, with the usual 
convention as to sign, we have 

x — a cos (ut + e). . . . (1) 

If we represent this function graphically, with 
t as abscissa, and x as ordinate, we got a curve 
of sines, as in Fig. 2. 

For this reason simple harmonic vibrations 
are sometimes v 
described as 
“ sinusoidal.” . 

The preced- q 
ing statement 
is equivalent to 
this, that (1) p IG> 2 . 

constitutes the 

general solution of the typical equation of the 
small motion of a body about a position of 
stable equilibrium, viz. 

M^^-Ka;, ... (2) 

provided the value of w be suitably chosen. 
We find, in fact, on substitution, that (2) is 
satisfied provided w a = K/M, and since the 
constants a and e are at our disposal they 
can be adjusted so as to fulfil prescribed 
initial conditions of displacement (x) and 
velocity (dxjdl). A form of solution which 
is equivalent to (1) is 

x—A cos cot + B sin tot, . . (3) 

the arbitrary constants being now A and JB. 
Since the values of x and dxjdt recur whenever 
ut increases by 2^, the period is 27r/w, or 
2x n/(M/K). It is to lie noted that this 
depends only on the nature of the dynamical 
system considered, and is independent of the 
initial conditions, and therefore of the 
amplitude. The oscillations are accordingly 
said to be “ isochronous ” ; but it must bo 
remembered that the equation (2) is usually 
obtained as an approximation, in which 
powers of x higher than the first are neglected, 
and that it therefore ceases to be practi¬ 
cally valid when the amplitude exceeds a cer¬ 
tain limit. The structure of the formula 
27r \/ (M/K) for the period should be noticed 
on account of its wide applications and still 
wider analogies. The period varies as the 
square root of the ratio of two quantities, 
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one of which (M) represents the inertia, and 
the other (K) the elasticity or “ spring ” 
of the system. For instance, in the case of 
a body vibrating under the torsion of a sus¬ 
pending wire, M is the moment of inertia of 
the body, and K the torsional rigidity of the 
wire. 

In all practical cases vibrations are affected 
more or less by friction. This may be allowed 
for in many cases by introducing into the 
equation a retarding force proportional to the 
velocity, thus 



M~r’=-Ka-R~. . 

at- dt 

. (4) 

Writing 

K „ R of 

M~ w “’ M — k, . . 

• (5) 

we obtain 

drx jdx 

di^ +2h di + u ^ =s0 > ■ 

• (6) 

which is the typical equation of “ damped ” 

oscillations. 

provided 

This is satisfied by x 

II 

i> 

>- 


+ 2k\ -|- co 2 = 0. . 

• (D 

When the friction is sufficiently small, 
precisely when k < w, we have 

more 

where 

>• 

1! 

1 

1+ 

r 

• (8) 

w'= v'(w 2 — /(I 2 ). , 

. (9) 

Hence ® = 

Ae^ +Be “ *"'*), . 

. (10) 

or, in real form, 


x = e 

W (F cos w7 + G sin u'l). 

. (11) 


This may be described as a simple harmonic 
vibration whose amplitude diminishes ex¬ 
ponentially according to the law e~ M . The 
ratio of one elongation to the next (on the 
opposite side) is ; the logarithm of this 
to base 10, viz, trk/u' x log J0 a, is called the 
logarithmic decrement.” The formula (9) 
shows that. the period 2r/co' is lengthened 
by the friction, but if the ratio kj w is small 
the effect is only of the second order and may 
often be neglected. 

When lc:--u the roots of the auxiliary 
equation (7) are real and negative. Denoting 
them by -a, -/i, we have 

x = Ac. - at + Be ~ . . (12) 

I hero is now no true oscillation 1 , the body 
passes once (at most) through its mean position, 
towards which it finally creeps asymptotically. 
This type of motion is described as “ aperi¬ 
odic, or “ dead-beat.” In the intermediate 
case where k = u the solution is 

x~(A + Bl)n~ u , . . (13) 

and the same remarks apply. 

When in addition to the restoring force 
represented by -wthere is an extraneous 

VOL. i 


disturbing force whose accelerative effect is X 
we have, if friction be neglected, 

dh: . , 

dP +a “ x = X ' • * • ( 14 ) 

The most important case is where X is a 
simple-harmonic function of t, say 

X =/ cos pt. . . . (15) 

The solution then is 

f 

x = (i}2 cos J rt > -I- A cos wt + B sin cot. (16) 

The first term represents the “forced os¬ 
cillation ” due to the disturbing force; it 
has the same period 2w/p as the latter, 
and its phase is tho same or the opposite, 
according as p% w, i.e. according as the 
imposed period is longer or shorter than tho 
natural period r/u. The remaining terms 
represent a “ free ” vibration superposed on 
the former; the constants A, B depend as 
before on the initial conditions. Tho ampli¬ 
tude of the forced oscillation becomes very 
great when the forced and natural periods 
are nearly coincident. This is exemplified by 
the phenomenon of “resonance” in Acoustics, 
but for a complete discussion it is necessary 
to take into consideration the effect of dissipa¬ 
tion forces. 

When friction is taken into account the 
equation to be solved is 


cPx _. <lw 

<u* + cit 


-l-co 2 ;c = X. 


(17) 


One method is to examine what extraneous 
force would bo required to maintain a 
prescribed oscillation 


We find 
X 


£K = 0 COS pt. 


(18) 


0{(w a -pf) cos pt -2 kp sin pt} 

— OH cos (pt + a), .... (19) 

where H and a have been chosen so as to 
make 


H cos a ~ 0 )' 2 - p'\ H sin a = 2kp. (20) 

Changing the origin of t, it appears that a 
disturbing force 

X -/cos pt . . (21) 

would give rise to tho forced oscillation 


x 


J 

H 


cos (pt-a). 


( 22 ) 


On this may bo superposed a free oscillation 
of tho type (11) or (1.2) or (13) as the case 
may be. The free oscillation, however, and 
therefore the influence of the initial conditions, 
gradually decays until the forced oscillation is 
alone sensible. 

An alternative way of obtaining the above 
result is to put, in (17), X=/e^, and to 

3 it 
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discard in the end the imaginary part of the 
result. The solution then is 


fe ipt _ 


~w 2 -p 2 + 2R;p He ia H 


(23) 


the real part of which is as in (22). 

It appears from (22) and (20) that the 
phase of the displacement lags behind that of 
the force by an angle a determined by 


tan a - 


2 kp 

j2 _£,a 


■ (24) 


This angle lies in the first or second quadrant 
according as p % «. IE the ratio k/co be small 
the angle approximates as a rule to 0 or 180° 
respectively, which are the values when there 
is no friction, but if p is sufficiently nearly 
equal to w the angle approximates to 90° 
on one side or the other. Since 


H 2 = (w 2 -p 2 ) 2 + 4& 2 p 2 , 


(23) 


the amplitude of the forced oscillation is 
greatest when p is hi the neighbourhood of w, 
provided k/ca be small. In any case, the 
maximum amplitude is f/2ku', and is therefore 
greater the smaller the frictional coefficient 2k, 
as was to be expected. A more important 
matter is the influence of the period on the 
absorption of energy. The rate at which 
the extraneous force does work is 


X 


fl.CC 

<U = ~%l 008 sin (pt-a) 

pf 2 


=^{sin a — sin (2pt-a)}, (26) 

the mean value of -which is 


Vf 2 ■ f 2 • „ 

PW sm a or At sm 2 a. 
231 4 k 


(27) 


This attains its maximum value / 2 /4& when 
a=90°, or p — u exactly. It is to be noticed 
that although the resonance is more intense 
the smaller the value of k it is concentrated 
on a narrower range of frequency. To show 
the effect of a slight deviation from the 
critical value of p, put p/a = l + z, where z 
is small, and kju=p. We find tan ( a= -/3 jz, 
or a=iir + z//3, approximately, in circular 
measure. The formula (27) becomes 


. . . (28) 

The graph of the second factor is shown in 
Fig. 3 for various values of (8. The principle 
here established has many applications in 
Acoustics. For instance, the vibrations of a 
piano wire are only slowly given up to the 
air, and a close coincidence of pitch is 
therefore necessary in order that it may 
respond audibly to a note sounded in its 
neighbourhood. On the other hand the 
column of air in an organ pipe, which has little 


inertia and readily gives lip its vibrations to 
the outer air, will respond with only a slight 



variation of intensity to a much wider range 

of frequencies. _ n, o. 

Skew-back in a Screw Propeller is 
defined as the displacement of the centre 
line of a blade from the normal to the axis 
when viewedfrom aft. Soo “ Ship Resistance 
and Propulsion,” § (41). 

Skin Friction. See “ Ship Resistance and 
Propulsion,” § (6). 

Slide - valve eor Steam; Engine. Boo 
“Steam Engine, Reciprocating,” § (2) (ii.). 

Slipping oe Belts—E lastic stretching of 
leather belts passing over pulleys. Bee 
“ Friction,” § (36). 

Slipping between Surfaoes in .Rolling 
Contact. See “ Friction,” § (37). 

Smith, A. W.; measurement of latent heat 
of water. See “ Latent Heat,” § (4). 

Sodium, Specific Heat of, in tub Ann baled 
and Molten States, at various tempera¬ 
tures, tabulated, with the Atomic 11 eat. 
See “ Calorimetry, Electrical Methods of,” 
§ (10), Table V. 

Solid Angle subtended by a Surface at a 
Point. Describe a cone with its vertex at 
the point by radii drawn from the point to 
all points of the boundary of the surface, 
and let A bathe area of a sphere of radius R 
which is intercepted by this cone. Then tlm 
ratio A/R 2 is known as the solid angle 
subtended at the point by the surface ; it 
is clearly equal to the area intercepted by 
the cone on a sphere of unit radius. 

Solid Piston Air-pumps. See “Air-pumps, 1 * 

§ ( 11 ). 

Solid State, Change of Spboiho Volume in 
passing to. See “ Thermal Expansion,” 
§ (31). 

Solids : 

Methods of measuring Thermal Conductivity 
of. See “ Heat, Conduction of,” §§ (3)-((ij. 
Specific Heat of, by Electrical Methods. 
See “ Calorimetry, Electrical Methods 
of,”§(8). 
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Solutions, Thermodynamics ok See 
“ Thermodynamics,” § (63). 

Sound, Velocity of, used to determine 7 . 

‘Thermodynamics,” § (58). See also 
♦ Vol. IV. 

Sounding Apparatus. One typo consists of 
a compressed air gauge fitted with a non¬ 
return valve. The pressure attained is 
shown by the quantity of water which 
enters the tube. The second type consists 
of a tube closed at one end and coated 
inside with a chemical which will be coloured 
by the action of the sea water. This is 
dropped in a sinker with the open end 
downwards, and again the pressure can be 
calculated from tho amount of water which 

. llas entered, shown by tho discoloration 
produced. See “ Pressure, Measurement 

of.” § ( 16 ). 

Sounding Tube of M. Berget. See “ Press 
ure, Measurement of,” § (16). 

Specific Heat : 

Ihe ratio of tho amount of heat required, to 
raise the temperature of a substance one 
degree to that required to raise the tem¬ 
perature of an equal mass of water one 
degree—-usually from 14°-5 C. to 15°-5 C. 
—is called its specific heat. In some cases 
the range 17° 0. to 18° C. is selected. 
..be conditions under which the heating is 
to occur may be limited in various ways, 
the two most important being (a) constant 
volume and (6) constant pressure. See 
Thermodynamics,” § (13). See also 
Specific Heat of Saturated Vapour,” 

§ (53); “Specific Heat, Ratio of, in 
Gases,” § (58); “ Specific Heat, Various 
Expressions for,” § (48). 

Application to tho Non-Metals of Debye’s 
and Einstein’s Formulae for, deduced 
from the Quantum Theory. See “ Oalori 
^ metry, the Quantum Theory,” § (46). 

I ormulao of Norms t and Lindomann and of 
Debye, tested liy Nornst on the data for 
diamond, and results summarised in 
tabular form. See ibid. § (46), Table IV. 
lahulatod Comparison of Experimental 
Values for, with Formulae deduced from 
the Quantum Theory. See ibid. 8 (45) 
Table I. ‘ 

Specific) Heats . 

Of Elements at about 50° abs., measured 
by the liquid hydrogen calorimeter and 
tabulated. See “ Calorimetric Methods 
based on tho Change of State,” 8 (8), 
Table V. 

Of Gases, tables of. See “ Enginos, Thermo¬ 
dynamics of Internal Combustion,” § (70), 
Tables VI.-XLa • “ Specific Heat of- 

Gases at High Temperatures,” 

At Low Temperatures, Appliances for the 
Measurement of, by tho Method of 
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Mixtures. See “ Calorimetry, Method of 
Mixtures,” § (11). 

Variable. See “Engines, Thermodyna- 
mics of Internal Combustion,” 8 (78) ■ 
Specific Heat of Gases at Hi Hi Tem¬ 
peratures.” 

Specific Weight and Volume of Gases, 
table of. See “ Enginos, Thermodynamics 
ol Internal Combustion,” § (68), Table I. 

rf L Pump - S ® e “ Air-pumps,” § (18). 
Spur Gear and Driving Chain Testing 
Machine (National Physical Laboratory). 
See Dynamometers,” § (6) (ii.). 

Spurge High-pressure Manometer. See 
Iressure, Measurement of,” § (12). 

Squirrel Cage Speed Indicator. See 
Meters,” § (9), Vol. III. 

States of Aggregation. See “ Thermo¬ 
dynamics,” § (28). 

Steam : 

Latent Heat of, Comparison of Data for, by 
Callendar. See “ Latent Heat,” § (5) 
Latent Heat of, Formulae for Variation of 
with Temperature. See ibid. § (6). 

Specific Heat of, at atmospheric pressure 
investigated by I-Iolborn and Henning.. 
See Calorimetry, Method of Mixtures ” 
,§(17). 

Specific Heat of, determined by Brinkworth 
by the continuous flow electrical method 
at atmospheric pressure between 104° C. 
and 115° C. See “ Calorimetry, Electrical 
Methods of,” § (14). 

Specific Heat of, determined by Callendar’s 
continuous electrical method, the variation 
of tho specific heat with pressure being 
found by subsidiary experiments, using 
tho throttling calorimeter method, by 
Callendar and Professor Nicholson. See 
Calorimetry, Method of Mixtures,” § (17). 
Specific Heat of, Regnault’s Value for. See 
ibid. § (17). 

Steam Charts and Tables. See “Thermo¬ 
dynamics,” §§ (42) and (61). 

STEAM ENGINE, RECIPROCATING 

§ (I) Description. —The reciprocating steam 
engine is so named because of the working 
substance used and the motion of one of its 
fundamental parts. The cylinder, piston, and 
some means of controlling the working sub¬ 
stance are essentials. The motion of the piston 
within the cylinder is one of reciprocation, 
hence tho term “ reciprocating.” The piston 
is a movable division plate constrained to move 
axially within the bore of tho cylinder. The 
piston must be of adequate strength to with¬ 
stand without appreciable deformation the 
steam loads to which it is subjected, and its 
circumference must be such a good fit in the 
bore of the cylinder that steam cannot readily 
pass- from the one to the other side of the 
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• +OT , The friction between the piston and the 
cylinder must be a minimum. The limits of re¬ 
ciprocation of the piston are usually definitely 
defined, and the distance between the limits is 
called the “ stroke of the piston.” Difference 
in magnitude of the loads acting on the two 
sides of the piston causes motion of the piston. 

Difference of purpose in view has led to 
variation in detail and general appearance, 
and some unusual feature, or perhaps special 
service for which the engine is suited, has 
provided a class name for engines of similar 
outline or special service. A list of the 
classes to which engines are assigned in- 
eludes—marine, locomotive, stationary; port¬ 
able vertical, horizontal, diagonal, oscillating, 
drop-valve, Corliss, winding, pumping, high- 
revolution. All, however, are alike in one 
fundamental respect—all have a cylinder 
within which a piston reciprocates, and all 
have some means of controlling the steam 
entering and leaving the engine cylinder. . 

In this article a very commonplace simple 
engine is considered first, and afterwards 
various departures from this simple engine, 
which have resulted in establishing special 
classes of engines, are noted. 

Fig. 1 shows diagrammatically the cylinder 
and piston of a “ double-acting ” engine. In 
this figure the ends or “ covers ” of the cylinder 


itafiy. 

^ i i L_ 




are shown containing the necessary control 
valves for regulating the steam entering or 
leaving the cylinder. When the piston is 
moving towards the right the left steam valve 
S is open, allowing live steam to flow into the 
gradually increasing space due to the piston 
moving away from the left cylinder cover; 
and the right exhaust valve E is open to 
allow the steam used during the previous 
stroke to escape (or exhaust) from the cylinder. 
The return stroke of the piston is caused by 
closing these two valves and opening the 
alternative pair of valves. The engine is 
called “double-acting” to differentiate it 
from the “ single-acting ” engine in which but 
one stroke of each two strokes is a power 
stroke. The single-acting engine is rarely used, 
and then only for some very specialised duty. 
The double-acting engine has the advantage in 
that each stroke is a power stroke, and, there¬ 
fore, for a given size and correspondingly 
almost equal weight of engine, the double¬ 


acting engine 1ms an out-put approximately 
double that of the single-acting engine. 

Wlfilst the motion of tlm piston m one 
of reciprocation, the motion usually , 

for ease in transmission, is rotary. Several* 
mechanisms have been Devised and used to 
transform from the one to the other motion 
and out of these the crank and e.onnee.tmg-roct 
mechanism bolds the premier position because 
of its compactness, small number of wearing 
parts, and reliability. 

s (g) Simpjvb DoufliiK-ACiTTNO Knoink.. (1.) 
Description .—In Fvj. 2 in shown in seetimml 
plan view and elevation a sample doublo-noling 
horizontal steam engine. One end ot the 
“piston rod” It is attached -to the piston 
P. The piston rod [kinhoh through a suitable 
steam-tight “stuffing-box with gland ” M. mul 
terminates in a “ cross-head ’ A. A "in- 
neoting rod ” B couples together the cross-betid 
and the “ crank ” D of the “ crank shaft- 11, 
The cross-head end of the connecting rod moves 
in a straight lino; the crank end of the rod 
moves in a circle. To allow for the resulting 
angular displacement of the connecting rod, 
the connections at the eross-head and crank 
ends are not rigidly fixed its are the connections 
between the piston, or on ms-head, and piston 
rod, but are pin connections. The pin (< at 
the cross-head end is called Urn “gudgeon, 
or “ cross-head pin,” mid that in the crunk 
the “ crank pin ” \ r . The crank shall-is 
*' „ constrained in its motion by ‘ crank* 
a® shaft hearings” Q, integral with the. 
!_ “ engine frame,” or “ bedplate,” h. dim 

—••h bedplate is anchored to a suitable heavy 
| foundation. At any instant < the loud 
clausing reciprocation is trauMinitted along 
| the piston rod and through the connect* 
ing rod to the crank pin, and produces 
rotation of the crank shaft. Twice in each 
revolution the piston rod, connecting rod, and 
crank are in lino. The engine in such position 
is said to bo on the “ dead centre.” At all 
other times the lines of action of the forces 
along the piston rod and connecting rod are 
not coincident, and luvneo bonding of both 
rods would occur if a support attached to the 
cross-head wore not provided. Thu support, 
consists of the “ shoes ” H, secured t o and 
reciprocating with the cross-head whilst- benriug 
against the “ guide surfaces.' 1 

As the piston rod, connecting rod, and crank 
are in lino twice in each revolution of l lie 
crank shaft, the turning moment, twice in each 
revolution is correspondingly zero. H a 
diagram bo drawn as in Fvj. It ( n ), the base 
line representing tho ciroumferonet* of this 
circle described in one revolution by the crank 
pin and the ordinates representing tho resolved 

■ values of. the forces transmitted along the 
' connecting rod acting normally to tho crank 

■ D and at the crank pin Y, it will be noticed 
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that there is a cyclical variation of considerable, 
range. The resistance offered by whatsoever 
the engine may be driving is usually nearly 
constant. To absorb the excess of energy 
supplied during one part of each half revolu¬ 
tion and to make up the deficiency during the 
remainder of the half revolution a “flywheel ” 


sum of the energy supplied by the two or three 
engines respectively. 

(ii.) Valves .—The means used for controlling 
the steam to and from the engine cylinder are 
numerous. Should either rocking or drop 
valves be used, the valves may be arranged 
in the cylinder ends as shown diagrammatically 




A. Cross-head. 

B. Connecting Rod. 

C. Cylinder. 

D. Crank Web. 

R Eccentric Sheave. 
■F. Flywheel. 

G. dudgeon Pin. 

H. Crank Shaft. 

J. Eccentric Strap. 


K. Bearing. 

L. Bedplate. 

M. Stuffing-box and Gland. 

N. Cylinder Cover. 

P. Piston. 

Q. Crank-shaft Bearing. 

■R. Piston Rod. 

S. Cross-head Shoe. 

T. Eccentric Roil. 

Fig. 2. 


IJ. Eccentric Rod Pin. 

V. Slide Valve. 

W. Valve Spindle Guido. 

X. Valve Spindle. 

Y. Crank Pin. 

E. Combined Stop Valve and 
throttle Valvo, 

GR. Governor. 

VC. Valve Chest. 


E is fitted to the crank shaft. Tlio range of 
the cyclical variation in crank effort may bo 
considerably reduced, as at (b), by coupling 
together the crank shafts of two engines so 
that in end view the cranks are 90°'apart: 
the addition of a third engine would further 
reduce the range, as at (c), provided that the 
cranks in end view are about 120° apart. In 
(b) and (c) the heavy solid line marks the 


m Fig. 1. Considerable modification in the 
design of the oylinder is necessary should 
the more common sliding valve he used. As 
commonly arranged, one sliding valve controls 
both the supply of steam to and the removal 
of the steam from both ends of the cylinder 
of a double-acting engine, 

The simplest sliding valve, called the “ I) 
slide valve because of its resemblance to the 












steam engine, reciprocaiing 

letter D in its longitudinal section, consists m I to ^AAdiustmen 
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its elementary form of an open-top metal box. 
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Longitudinal Section. ElG. 4. 

If the open top of the metal box be placed I 
on a suitable surface and the box be caused | 
to reciprocate, the end walls of the box would 
cover and uncover suitable openings provided 
in the surface upon which reciprocation takes 
place. In Fig. 4 a common D slide valve is 
shown at the middle of its travel and in its 
relation to the cylinder passages. The live- 
steam space is outside the slide valve, and the 
exhaust space is within the slide valve. Even 
though relieving devices are used (there is no 
provision for such a device in Fig. 4) the load 
acting on the back of the valve and pressing 
the valve on to the cylinder face is consider¬ 
able. It is therefore desirable to make the 
area subject to steam load as small as possible 
and to have the amount of reciprocation a 
minimum. The length of the steam ports or 
passages cannot exceed the diameter of the 
cylinder, and the area of each of the ports 
must allow the steam to pass through the 
port at a reasonable velocity. In Fig. 4 the 
valve of the simple engine of Fig. 2 is shown 
to a larger scale. 

The usual method of securing the slide valve 


to its “ spindle ” is by means of nuts, so that 
a slight adjustment of the valve upon its 
spindle is an easy matter. The valve spindle 
passes through the end of the “ valve chest 
YC as shown in Fig. 2, a stulling-box and gland 
M being used to prevent the escape of steam 
from the valve chest to the atmosphere, and 
ends with a pin connection to which the 
“ eccentric rod ” T is attached. A valve 
spindle guide” W is necessary to give support 
to the valve spindle because of the angular 
displacement of the eccentric rod relative to 
the valve spindle during each stroke of the 
piston. The valve spindle is enlaiged wlieio 
the guide is provided, the enlargement re¬ 
ciprocating within the guide secured to the 
engine frame. In comparison with the engine 
piston the amount of reciprocation ol the slide 
valve is small, and the load taken by the valve 
spindle guide is not groat. 

A pictorial view of the slide valve, with 
a portion of its spindle, raised bodily above 
the valve face of the cylinder upon which 
it reciprocates, is shown in Fig. 5. One 
corner of the slide valve is broken to 
show the general distribution of metal in 
the valve. In the actual valve there is of 
course no such break. 

• The valve is guided 
-redproeathm 

Hj i || by the machined slid. 

ps. — pc ing surfaces A and Jt 

gj§HlII“ if’' moving upon similar 

j jl surfaces machined in 

and forming part of 
I ^,] l0 va i v0 ohost; 

* these are marked 0 

Transverse (section. and 1) in Fig. 4. 

I (iii. The MccentHe.—T\m motion of the slide 




valve is provided by a virtual crank and con¬ 
necting rod called an “ eccentric sheave ” and 
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eccentric strap and rod ” respectively. The 
eccentric sheave is a crank wherein tlie crank 
|) . la , j 13 ^efficiently large to embrace the crank 
siiatt, although for manufacturing or other con¬ 
venience it is usually separate from the shaft. 
In the three sketches of Fig. 6 it will be noticed 
that the same eccentricity has been maintained, 
and that at (a) the strength of the shaft is much 
impaired by forming the valve crank, whilst 


by adding ‘ steam lap ” to the valve, and 
altering correspondingly the angular position 
of the eccentric sheave. The lap of a valve 
is defined as the amount by which the edge 
of the valve overlaps the corresponding edge 
of the corresponding port when the valve 
is m its middle position with regard to its 
travel. Should the lap be over the steam edge 
of the port, L of Fig. 4, the lap is “steam 
lap ; should the lap be over the ex¬ 
haust edge of the port, EL of Fig. 4, 
the lap is exhaust lap.” The steam 
laps at both ends of the valve are 
not necessarily equal; the exhaust 
laps also are not necessarily equal, 
and sometimes one or both are nega¬ 
tive. 15 



Fid. (i. 


at (c) the full strength of the shaft is main- 
tamed. To prevent longitudinal motion of the 
eccentric strap, flanges or their equivalent are 
provided on the eccentric sheave. Fig. 7 
shows an eccentric sheave with its strap and 
eccentric rod suitable for a high-power marine 
engine. The eccentric sheave is driven by a 
key fitted partly into the crank shaft and 
partly into the sheave. The sheave is made 
of cast iron and revolves within a white-metal 
bearing secured to the eccentric strap. The 



mild-steel eccentric rod is provided with 
bronze bearings for the pin connection. 

Whilst the. throw of the eccentric must be 
such as . to give the necessary amount of re¬ 
ciprocation to the slide valve which it drives, 
the angular position of the sheave relative 
to the engine crank must be such that the 
valve functions at the correct times. Tn 
most engines it is highly desirable to admit 
steam only during a portion of the stroke 
of the piston rather than during the whole 
of the stroke. This can readily be effected by 
increasing the thickness of the end walls of 
the elementary metal box or slide valve, i.e 


(iv.) Cut-off .—The admission of steam 
during a portion of the stroke of the piston 
instead of during the complete stroke is known 
as cutting off’ ’ the steam supply, and the point 
of the stroke at which the steam supply actually 
ceases is called the “ point of cut-off." It may 
be of interest to note that if the cut-off is at 
one-half of the stroke and the engine is running 
at .300 revolutions per minute, the period 
during which the steam may enter the engine 
cylinder is but one-twentieth of a second. 
.During this short interval of time the slide 
valve from the closed position opens the steam 
port to the full and closes it again. Throttling, 
and consequent reduction in pressure of the 
steam entering the cylinder, occurs when the 
port has just been opened by the slide valve 
and also when the valve has almost closed 
the port. In the cycle of events the opening 
of the port to admit steam to the cylinder is 
termed “ admission ” ; the closing of the port 
is termed “ cut-off.” The opening of the port 
to allow the used steam to leave the engine 
cylinder is termed “release”; the closing of the 
port against the passage of the exhaust steam is 
called “ compression,” because a small amount 
of steam is trapped in the engine cylinder 
between the moving piston and the fixed 
cylinder cover. The admission of steam when, 
,S W. about 90 to 95 per cent of the previous 
stroke lias been accomplished aids in bringing 
io moving parts of the engine to rest ready 
for the now stroke. The amount by which the 
slide valve is open to steam when the piston 
is at^ the commencement of a stroke is called 
the lead ’ of the valve. The leads for both 
ends of the valve are not necessarily equal. 

In vertical engines the lead for the stroke in 
which the reciprocating mass is lifted against 
gravity is usually greater than for the reverse 
stroke. The lead of a slide valve is dependent 
upon the angular position of the eccentric 
sheave in relation to the engine crank. Lead 
is necessary in order that admission may take 
place before the commencement of a new 
power stroke. . 
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i v ) Cylinder.— The cylinder, including the 
valve chest with steam passages, and often one 
of the cylinder covers, forms one casting. A 
hhdi-cmality cast iron is used to withstand the 
wearing action of the reciprocating piston and 
valve. °The piston packing usually consists of 
sprin" rings, i.e. rings turned a little larger than 
the cylinder bore and sufficiently cut out to 
allow "the rings to close to a little less than the 
cylinder bore. The tendency to open out to 
their original diameter produces pressure on 
the bore of the cylinder and forms a moving 
steam-tight joint. To lubricate the piston a 
sight-feed displacement lubricator is provided 
to ° pas 3 a small amount of mineral oil per 
revolution into the engine cylinder. Necessary 
bosses for drain and other connections, and 
flanges to which the steam and exhaust con¬ 
nections may be made, are integral with the 
cylinder casting. A steam “ stop valve must 
be provided adjoining the engine. If the steam 
be not superheated it is well to fit a “ separ¬ 
ator ” to the steam main close to the engine. 
The separator, either by setting the steam in 
rotation or by means of baffle plates, removes 
a large percentage of the entrained water due 
to condensation in the steam mains or to other 
causes. The drainage of the valve chest and 
the engine cylinder should be accomplished by 
leading pipes to a “ steam trap,” i.e. an 
automatic device which whilst allowing water 
to escape will not permit steam to pass. On 
small engines in particular the drainage pro¬ 
vision is frequently very crude and wasteful. 

Every precaution should be taken to prevent 
radiation loss by adequately covering with 
asbestos or other non-conducting material all 
parts subjected to high temperature. For 
appearance the non-conducting material used 
on engine cylinders is often covered with thin 
planished steel; on steam and exhaust mains 
canvas is frequently used to give a substantial 
yet neat finish. The monetary loss due to 
radiation from inadequately clothed hot sur¬ 
faces is considerable and continues so long as 
the plant is running. 

The steam load acting on the moving engine 
piston at any instant also acts upon the fixed 
cylinder cover. These two loads, being action 
and reaction, are of equal magnitude. If the 
cylinder be not integral with the engine frame 
it is secured by bolts thereto. The frame also 
carries theguide surfaces forthe cross-head shoe, 
and the crank-shaft bearings. Considerable 
stiffness of the frame is necessary to contend 
with the rapidly altering loads. Even at the 
comparatively slow speed of 60 revolutions per 
minute, the loads change twice per second. 
Heavier loads than those due to steam thrust, 
however, are imposed upon the frame. In 
the single-cylinder engine of Fig. 2 it is not 
possible to balance 1 the reciprocating masses 
1 See “ Engines and Prime Movers, Balancing of,” § (5). 


even if the revolving weights ho balanced, 
which in many engines is not done, bo 
that vibratory forces are set up as soon as 
the engine runs. These forces arc quite in¬ 
dependent of the work being done by the 
engine. If the engine does no work, lmt is 
motored round by some external agent, tlie 
forces still act. The forces are dependent 
upon the weights and velocities of the moving 
parts. Vibration ensues oven though the 
engine be anchored to a heavy brickwork or 
concrete foundation. The desirability of de¬ 
signing the moving parts so that they shall bo 
of a minimum weight consistent with necessary 
strength is apparent. Multi-crank engines can 
be designed so that the collective ell cot oi tho 
separate moving parts is to balance. 

(vi.) The Governor.—U the load against which 
the engine is working ho suddenly removed, tho 
speed of the engine will increase. To prevent 
undue increase in speed ft revolution regulator 
or “ governor ” is provided. Tho action of tho 
governor is due to centrifugal force. When 
the speed increases, certain weights driven by 
the engine itself change position and, by re¬ 
ducing or modifying tho steam supply, bring 
about a reduction of the speed of the engine 
to the normal. Tho function of the flywheel 
is to act as an energy store and regulator; 
the function of the governor is to regulate tho 
number of revolutions made per minute by 
the engine. 

Fig. 8 shows a typical form of governor. 
The vertical spindle S is driven by gearing 



from the engine shaft. Two arms terminating 
in balls B are pivoted to tho upper end of 
the vertical spindle. To each arm is pin- 
jointed a link L. The lower end of each of 
the two links is pin-jointed to a sleeve A which 
is free to slide on the vertical spindle. Tho 
vertical position of the sleeve depends upon 
the position of the governor balls, which in 
turn depends upon the speed of rotation of 
the vertical spindle and therefore upon that 
of the engine shaft. The position of the 
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sleeve determines the quality or the quantity 
of the steam supplied to the engine cylinder. 

There are two distinct methods by which 
the governor may control the engine revolu¬ 
tions. Through such levers and links as are 
necessary the governor may either operate a 
throttle valve or it inay alter the point of 
cut-off in the engine cylinder. The position 
of the valve of the throttle valve deter¬ 
mines the quantity of steam passing to the 
engine valve chest. If the quantity pass¬ 
ing through the throttle valve be curtailed, 
expansion occurs (without any work being 
done) immediately the steam passes through 
the valve and before entry into the cylinder. 
By throttling, therefore, the initial pressure of , 



... : ... cuiu tuereiore tnro ti¬ 

tling of the steam. The governors for small 
throttle valves are usually belt driven, but as 
the belt drive is not a positive drive it is not 
suited for a close control of the engine sneed 
A safety device is sometines provided to pre¬ 
vent excessive engine speed in case of break¬ 
age of the governor belt. The steam main is 
connected to the flange E; flange E is connected 
to the cylinder valve chest. The arrows in¬ 
dicate the direction of flow of the steam when 
the stop valve is open. The governor base 
piece fits into the machined portion marked G 
The combined stop and throttle valve complete 
with a pendulum governor are shown in position 
on the enoine. Win. 9. V, ««,! m> .. -j- , 


the steam entering the cylinder depends upon 
the engine speed. In the alternative method 
the governor may be arranged to alter either 
or both the valve travel and the angular 
position of the eccentric sheave whilst the 
engine is running. The initial pressure of the 
steam entering the engine cylinder is con¬ 
stant but the quantity admitted per stroke 
is variable and depends upon the engine 
speed. 

The throttling method of control is common 
for engines developing no great power. A 
simple throttle valve combined with a steam 
stop valve arranged within the one casing is 
shown by Fig. 9. One end of the link L is 
connected to the sleeve of a centrifugal 
governor, and the other end to the lever A for 
rotating a cylindrical throttle valve. The 
position of the governor balls and sleeve as 
before depends upon the speed of the engine. 
Any vertical displacement of the sleeve is 
communicated by the link to the lover and 
produces slight rotary movement of the 
throttle valve B within its casing 0. As the 
perforations of the throttle valve and the 
throttle valve casing are coincident at normal 
speed engine, slight rotation of the throttle 
valve means reduction in available area 


■Fig. 10 shows a shaft governor arranged to 
alter the angular setting of the eccentric 
sheave and so control the cut-off. The gear 
is symmetrical in outline. Pivoted at P to 
a wheel mounted on the engine crank shaft 
is a pendulum weight and arm W. Between 



Pig. 10. 


the pivot and the weight is attached a spring 
S. The other end of the spring is secured 
to the wheel. The eccentric sheave E is 
integral with a plate bored an easy fit for the 
crank shaft so that rotation of the sheave 
may readily he accomplished. A connecting 
link L is secured to the plate and the pendulum 
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weight arm by pins. On the engine revolu¬ 
tions increasing beyond the normal, the 
weights under centrifugal action move out¬ 
wards despite the resistance offered by the 
springs, and by means of the links slight 
rotation of the eccentric sheave ensues. An 
adaptation of this governor permits of simul¬ 
taneous variation of the angular position and 
of the throw of the eccentric sheave. 

Governing by altering the cut-off is some¬ 
times performed by the gear shown in Fig. 11. 
Pivoted at P to the governor stand is a 
slotted link SL, to which is attached by a 
pin the eccentric rod ER. The angular 
position and throw of the eccentric is in¬ 
variable. The end of the valve rod VR 



terminates in a pivoted block B capable of 
sliding within the slot of the link. The 
lever L is fulcrumed at A to the governor 
stand. Being attached to the governor sleeve 
at 0, its angular displacement depends upon 
the speed of the governor. At D a supporting 
rod R is jointed to the other end of the 
lever L. The lower end of R is attached to 
the valve rod by a pin and carries the weight 
of the valve rod end. The angular displace¬ 
ment of the slotted link does not depend 
upon the speed of the engine ; the longitudinal 
travel of the slide valve depends upon the 
position of the block within the slotted link, 
and as the position of the block is deter¬ 
mined‘by that of the governor sleeve, the 
governor control is by varying the cut-off, 
(vii.) Reversing Gear .—The most common 
form of gear for reversing the direction of 


rotation of an engine is the Stephenson Link 
Motion Reverse Gear. Fig. 12 illustrates 
this gear. Two eccentric sheaves keyed to_ 
the engine crank shaft. are used, one being 
for ahead running and the other for run¬ 
ning in the reverse direction. The eccentric 
rods ER are coupled to opposite ends of a 
slotted link S. A block B capable of sliding 
within the slot is pin-jointed to the valve 
spindle end VS. The slotted link is placed 
in any desired position with respect to the 
block by means of the pull rods R and the 
reversing shaft and lever L. The requisite 
motion for the reversing shaft may bo provided 
by a screw or other convenient form of control. 
When the block is immediately in front of 
the one eccentric rod connection, the valve 
travel is due to that one eccentric sheave; 
and when placed immediately in front of the 
other eccentric rod connection the valve 
travel is due to the reverse direction eccentric 
sheave, and the engine runs in the reverse 



motions of the two eccentrics. In addition 
to permitting of reversing, this gear allows of 
“ linking up,” i.e. altering the cut-off (whilst 
the engine is running) to cope with the condi¬ 
tions under which the engine is working. 
The Allan and Gooch Link Motions, modifica¬ 
tions of the Stephenson, are not very fre¬ 
quently used ; other gears, requiring but one 
eccentric sheave, or perhaps none, are some¬ 
times employed. 

(viii.) Clearance .—The limit of the piston’s 
stroke is some small distance from tlio cylinder 
cover nearest the piston. This small dimen¬ 
sion, ranging from about one-quarter inch for 
small pistons to one inch for pistons one hundred 
or more inches in diameter, is called the “ clear¬ 
ance,” or the “ mechanical clearance,” of the 
piston. Clearance allows for slight irregularities 
in manufacture of the various parts of the 
engine as well as for subsequent slight varia¬ 
tions in the relative positions of the various 
parts due to wear and readjustment, and tem¬ 
perature changes. The “ clearance volume ” is 
the volume due to the mechanical clearance 
plus the volume of the steam passage or 
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passages in association with that particular 
end of the engine cylinder. The working 
volume of the cylinder is the volume swept per 
stroke by the piston, i.e. the cross-sectional 
area of the cylinder multiplied by the stroke 
of the piston. The clearance volume is 
usually somewhere between 7 and 15 per cent 
of the working volume. 

(ix.) Expansive. Working .—Jf steam be used 
expansively, i.e. if the cut-off be at some 
fraction of the stroke instead of at the com¬ 
pletion of the stroke, the terminal volume 
of the steam is larger than the volume of 
the steam admitted, and correspondingly the 
terminal pressure of the steam is lower than 
the initial admission pressure. The actual 
volume of steam expanding in the engine 
cylinder is the volume admitted plus the 
volume of the residual steam in the clearance 
space, and the “ actual ratio of expansion ” 
is the volume swept by the piston — the 
working volume—plus the clearance volume, 
divided by the expanding volume at the 
point of cut-off. Prom the point of cut-off 
to the completion of the stroke the volume 
of the expanding steam gradually increases 
whilst correspondingly the pressure falls. The 
pressure of the steam leaving the cylinder 
is usually at a few pounds per square 
inch below the terminal pressure duo to 
expansion. 

By using steam expansively a greater 
amount of work is performed per pound of 
steam used than if the steam were admitted 
during the whole of the stroke. If a diagram 
be drawn giving the pressure of the steam 
at any instant during the stroke of the piston, 
the area of the diagram represents to some 
scale the work done per stroke of the piston. 
Such a diagram may be obtained from the 
actual engine cylinder by means of an 
“indicator,” and the diagram is called an 
“indicator diagram.” If the indicator and 
the gear for driving the indicator be in good 
condition and well designed, the resulting 
indicator diagrams faithfully record the con¬ 
ditions existing within the engine cylinder. 
Finality in steam-engine design has not been 
reached, and the constant endeavour of 
designers is to increase the output per unit 
of working volume of the cylinder. Assum¬ 
ing the length of the .engine stroke and the 
diameter of the engine cylinder to be fixed, 
and saturated steam to be used, any increase 
in output must be due to some change 
resulting in an increase of the area of the 
indicator diagram or an increase of the 
number of revolutions per minute. Should 
increase of the latter be not allowable, for 
increased output the area of the indicator 
diagram must be increased, and this can be 
accomplished (if the cut-off remain unaltered) 
by increasing the initial pressure and lowering 


the back pressure. The lowering of the ex¬ 
haust pressure is accomplished by causing the 
engine to exhaust into a vacuum. It must 
be remembered that to provide plant to 
create a vacuum is initially costly and also 
expensive in upkeep. Increasing the initial 
pressure introduces operating troubles in¬ 
separable from the use of high-pressure 
steam. 

§ (3) Compound Engines.— To use steam 
as efficiently as possible the heat content of 
the steam at entry to the engine cylinder 
must be high, and at the exit from the 
cylinder it must be low. The initial pressure 
therefore being high, since it is desired that 
the exhaust and terminal pressures should 
bo nearly equal, the ratio of expansion is 
high. In a single - cylinder engine of usual 
design the early cut-off thus necessitated is 
very undesirable, but if the same ratio of 
expansion lie performed by steps or stages in 
two or more cylinders many of the objections 
disappear. Such step or stage expansion is 
termed “ compounding.” The first step is 
performed in a “ high-pressure cylinder,” and 
the last step in a “ low-pressure cylinder.” If 
the engine be a two-stage engine it is called 
a “ compound engine ” ; if three stages are 
used the engine is called a “ triple expansion 
engine ” and the intermediate stage is per¬ 
formed in an “ intermediate pressure cylin¬ 
der ” ; if four stages are used the engine 
is called a “ quadruple expansion engine ” 
and the intermediate stages are performed 
in “ first intermediate pressure ” and “ second 
intermediate pressure ” cylinders respectively. 
Sometimes it is considered advantageous to 
perform the work of the high-pressure cylinder 
(or perhaps the low-pressure cylinder) in two 
cylinders. In marine service four - cylinder 
triple expansion engines are not uncommon. 
In such engines there are two low-pressure 
cylinders collectively doing the work which 
ordinarily one low-pressure cylinder would do 
in the more common three - cylinder engine. 
Compound locomotives sometimes have two 
high-pressure cylinders exhausting into one 
low-pressure cylinder, and although there are 
throe cylinders the engine is not a triple 
expansion but a three - cylinder compound 
locomotive. Sometimes the cylinders are 
arranged “ tandem,” i.e. the piston, rod of one 
cylinder is directly connected to the piston 
of .the adjoining cylinder, so that only one 
crank and connecting rod is required for the 
two pistons and piston rods. The ordinary 
single-oylinder engine is called a “simple” 
engine, and if two such engines are arranged 
on the same frame and drive a common shaft 
the arrangement is said to be “ twin simple 
engines ” or a “ twin engine.” 

§ (4) The Condenser. — In compound, 
triple, and quadruple expansion engines 
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the terminal pressure in the low - pressure 


cylinder is usually between six and four 
pounds per square inch absolute. A lower 
pressure than this is not usually desired 
because of the increase in size of the low- 
pressure cylinder due to the rapid increase 
in volume of the steam at the higher vacuum. 
The steam is condensed in a “ condenser,” 
and the pressure in .the condenser is slightly 
less than in the engine cylinder. The type 
of condenser used is determined largely by 
the amount of water available for condensing 
the steam. In marine service, where there 
is unlimited water to be had, .the surface 
condenser naturally is used. In essence, the 
surface condenser consists of a battery of 
small-bore tubes, usually about three-quarters 
of an inch in bore, arranged within a casing 
so that on one side of each tube the exhaust 
steam circulates whilst the cooling water 
passes on the other side. The condensing 
water and the condensed steam are thus 
kept separate and distinct from one another. 
For land service where the amount of water 
for condensation of the exhaust steam is 
strictly limited, an evaporative form of 
surface condenser is sometimes used. In this 
condenser the steam is condensed within the 
tubes by a small quantity of water flowing 
across their exterior surfaces. In the class 
of condenser commonly used for land purposes 
the steam and condensing water mingle, and 
the condenser is called a “ jet condenser.” 
There are two distinct varieties of jet 
condensers — the “parallel flow” and the 
“ counter flow.” In the parallel flow the 
steam and the condensing water both enter 
at the same end of the condenser, whilst in 
the counter flow the steam enters at the 
bottom and the condensing water at the top 
of the condenser. The counter flow is the more 
efficient of the two arrangements. 

The air leakage past the gland where the 
low-pressure piston rod enters its cylinder 
is considerable, and, together with the air 
passed over from the boiler with the steam, 
necessitates the continual use of an “ air- 
pump ” in order that a vacuum may be 
obtained and maintained. Generally, in addi¬ 
tion to removing the air from the condenser 
the air-pump removes the water of condensa¬ 
tion from the surface condenser, or the water 
of condensation plus the injection water from 
the jet condenser. Usually the air-pump is 
driven through the medium of levers and links 
from the engine cross-head or piston rod. 
In horizontal engines the condenser (with its 
pumps) is generally arranged under the engine 
in order that the exhaust pipe may be of 
minimum length. Long exhaust pipes are 
inefficient and undesirable. For the same 
reason the condenser in vertical engines (so 
common in marine service) is mounted on the 


engine framework ns clone ns possible (o (he 
low-pressure cylinder. The condensing water 
is circulated by a “ circulating pump ” some¬ 
times driven by the engine or sometimes in¬ 
dependently. 

§ (5) Valves.'W ith the simple I) slide valve 
of Figs. 4 and f>, independent control of the 
cycle of events is not possible. Should I la* valve 
beset to give an early out-oil, an early release 
and compression also occur. To permit the 
timing of the admission portion of the eyrie 
to bo altered without aflVoling the timing 
of the exhaust has been the object of many 
schemes. The arrange meat shown in /■'/)/. 1.1, 
called the “Moyer expansion valve," has 
been much used to this end. Two complete 
sots of eccentrics with rods and valve spindles 
arc necessary. The main valve is driven by 
its spindle I) and reciprocates in the usual 
manner over the three passages of the cylinder 
valve face. The main valve is in essence a 
simple slide valve with, the addition at each 



end of a steam port B, As in the simple slide 
valve the steam lap is the amount L, The 
lap L controls the passage leading to the left 
end of the engine cylinder, but the separately 
reciprocated expansion valve A controls flu.* 
steam supply to the corresponding main valve 
port. Hence the steam supply to the engine 
cylinder is determined by A and B, and t he 
exhaust from the cylinder is determined by t he 
main valve exhaust edges I' 1 anti G. Varying 
the cut-off whilst the engine is running is 
readily achieved by providing right- amt left- 
hand screw threads on the valve spindle G, 
and arranging that 0 may be rotated slightly 
without affecting its reciprocation. Barf nil 
rotation of 0 either closes or separates some¬ 
what the parts A and B, and therefore niters 
the period of opening of the ports H to steam, 
The screw threads are of the same pitch, or, 
rotation of 0 produces equal longitudinal 
movement of A and R, hut in opposite 
directions. 

It is common practice in large stationary 
engine design, to discard the slide valve and 
substitute in its place four valves, two valves 
for controlling the steam supply to the 
cylinder and two valves for regain,ting the 
exhaust from the cylinder. A great ad van it tge 
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of such an arrangement lies in the curtailing 
of the waste clearance volume due to long 
steam passages. Whether the four valves 
are arranged in the cylinder covers or in the 
cylinder barrel itself, the length of the pass¬ 
age from the valves to the cylinder barrel is 
short. In horizontal engines it is usual to 
place the steam valves on the top and the 
exhaust valves underneath the cylinder barrel. 
If reasonable care is taken in the design of 
these valves, very efficient drainage for any 
steam condensed within the cylinder and its 
passages is possible. It is preferable to use 
separate valves for the high- and low-tempera¬ 
ture steam rather than one valve for alternat¬ 
ing temperatures. For the four-valve scheme 
two distinct forms of valves and gears have 
been devised, and each has given its name to 
reciprocating engines using that special form. 
Engines fitted with rocking valves are named 
after the originator of such valves in their 
application to steam engines, and are called 
“ Corliss engines.” Engines employing the 



other form are known as “ Drop - valve 
engines ” because a drop valve is used. 

(i.) Corliss Valves. — A typical cylinder 
barrel with covers for a Corliss engine is 
shown in Fig. 14. Part of this figure is in 
longitudinal section and part in outside view. 
The closeness of the valves to the working 
volume of the cylinder is very marked. 
At A the steam enters a steam belt run¬ 
ning longitudinally above the cylinder barrel. 
This belt terminates at each end in a casing 
B containing the steam valve for that end of 
the cylinder. The exhaust valves are arranged 
■to work within similar-shaped casings C, and 
the two exhaust casings are connected by a 
longitudinal belt underneath the cylinder. 
The exhaust pipe is connected to a suitable 
facing D on the exhaust belt. At E drainage 
provision is made. Cross - sections of the 
valves are shown in Fig. 15. The steam 
valve at the point of admission is shown at 
(a), and full open to steam at (b). The exhaust 
valve is shown at point of release at (c), 
and full open to exhaust at (d). The valve 
spindle attached to each of the valves protrudes 
through a steam-tight stuffing-box with gland, 


and is fitted with a lever, as shown dotted in 
the four sketches. 

Each of the two sets of rocking valves is 
worked by an eccentric. This permits of ready 
variation in both steam and exhaust cycles. 
In one arrangement of the valve gear the ex¬ 
haust valve levers are connected by links to a 
circular plate mounted on a spindle fixed to 
the cylinder about midway between the valves. 
The exhaust eccentric rod is also coupled to 
this circular plate and gives to it a vibra¬ 
tory motion which is transmitted through 
the connecting links to the rocking exhaust 
Valves. For the steam valves a similar plate 
is usod, and the eccentric for the steam valves 
is coupled to the plate to provide the desired 
motion. The steam valves work under the 
joint influence of the steam valve eccentric 



and a governor. The mechanism is com¬ 
plicated, and is such that the cut-off is always 
rapid. Governing is by variation in cut-off. 
Large vortical engines have been constructed 
in addition to the more common horizontal 
pattern for driving mills, factories, electric- 
light plant, etc., and have proved successful 
in normal working. Given that the design 
is satisfactory, sweet and efficient running of 
the Corliss engine depends upon the care with 
which the numerous adjustments are made 
and maintained. If not given adequate atten¬ 
tion the working is noisy." 

(ii.) Drop Valves. — The valves and valve 
operating mechanism of the drop-valve form 
of engine differ in principle from those already 
described. To allow steam to pass, the valves 
are raised bodily from their seats, closing 
being effected by dropping the valves on to 
their seats. Four valves are required per 
cylinder—two steam and two exhaust valves. 
The operation of these four valves is through 
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the agency of a “ lay shaft.” The axes of 
the lay shaft and the engine cylinder are 
parallel, and the lay shaft extends almost, the 
' whole length of the engine. The motion of 
the lay shaft is one of rotation, and the speed 
of rotation is usually the same as that of the 
engine crank shaft. As the lay shaft i 
arranged at right angles to the crank shaft 
rotation is transmitted either by bevel wheels 
or skew gearing. 

The commonest form of lift valve is that 
shown at D, Fig. 9. The surface of the valve 
actually in contact with the valve seat when 
the valve is closed is small, in order to ob 
tain steam-tightness. The angle of the valve 
seat is 45°. If 
the pressures 
above and be¬ 
low the valve 
when the valve 
is closed are 
not equal, 
some form of 
gear is required 
either to keep 
the valve in 
position or to 
open the valve 
when desired. 
In Fig. 9 a 
screwed spindle 
S is provided 
for both pur¬ 
poses. The un¬ 
balanced steam 
lead on the 
valve may be, 
and in , fact 
usually is, con- 
^ siderable. For 

^ some purposes 

V J\ $ _ the lack of 
' ™ balance of such 

steam leads is 
not of great 

moment, but in valves controlling the steam 
distribution of an engine making perhaps 200 
revolutions per minute any considerable lack of 
balance is prohibitive, since tlie operating gear 
would be subjected to unnecessarily large loads. 
The balanced double-seated valve of Fig. 16 
has been designed to overcome these operating 
difficulties. The seats are at D and E, and 
the valve is shown full open. The cover 
securing in position the valve cage also carries 
the gear for imparting the requisite motions 
to the valve at the correct intervals. The 
nearness of the valve to the cylinder bore A 
and the cylinder cover C is noticeable, and 
the waste clearance space is correspondingly 
small. Difficulty has been experienced in 
keeping steam-tight the valve faces of double¬ 
beat valves, and as a result modifications to 



the design shown have boon introduced, but 
the balancing of the steam leads is always 
kept in view. As in the Corliss engine, steam 
to the valve comes by way of a longitudinal 
belt B. In an engine running at ISO revolu¬ 
tions per minute the period for steam admis¬ 
sion, if the cut-off be at one-quarter st roke, is 
one twenty-fourth of a second. During thin 
short interval the valve must both open and 
close. A positive mechanism is imperative, 
therefore, for operating the valves. Usually 
the valves are pressed open by some form of 
cam gear and forcibly closed by a. strong 
spring. The operating forces are clearly in 
the nature of a hammer blow and the gear 
might readily he described as percussive, 
The necessity for the elimination ns far as 
possible of all unbalanced loads is (dear. If 
the design of the gear is not theoretically 
sound no amount of care and attention by 
engine attendants can prevent noisy working, 
severe wear and tear, and unreliability in ser¬ 
vice. The hammer blow of the closing valve 
•is softened considerably by trapping air under 
the piston P working within the spring cylinder 
| G. Sometimes nil is used instead of air. The 
amount of cushioning effect may readily he 
controlled by a small valve not shown in Die 
illustration. The end of the lover for proswing 
open the valvo is lettered L. The valve gear 
is not shown. An eccentric complete with 
its strap and rod is necessary for operating 
each valve. The four eooentrio sheaves are 
mounted on the lay shaft. Governing in 
accomplished by varying the point of cut-off'. 
Either a shaft governor 'or the more common 
pendulum governor may he used for control¬ 
ling the admission period, The exhaust 
valves are not governor - controlled. The 
remainder of the engine presents no imuMual 
features other than that the crank and con¬ 
necting rod are enclosed and that lubrication 
of the bearings is forced instead of the custom¬ 
ary oil-box and cotton-wick method being 
used. The oil in the simple common method 
is transferred from the oil-box to the bearing 
by capillary action. Grooves cut ill the bear¬ 
ing allow the oil to come into contact with 
the journal within the hearing. 

Some manufacturers prefer to substitute 
gridiron slide valvos for the exhaust drop 
valves. Essentially a gridiron slide valve 
is a metal plate perforated with perhaps 
three slots. This plate slides upon a valve 
face perforated with similar slots, thus allowing 
communication with the exhaust to bo estab¬ 
lished when desired. By the use of several 
slots a considerable opening to exhaust ih 
possible with hut a short valve travel. The 
gridiron valves are driven by eccentrics from 
the lay shaft, one valve being provided at . 
each end of the engine cylinder.' With thin 
arrangement also the waste clearance volume 
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is small and the cylinder drainage is auto¬ 
matic. 

§ (6) Una - flow Engine. — Tho general 
appearance of the drop-valve engine is not 
very dissimilar to that of the una-flow engine 
illustrated by Fig. 17. Tho cylinder 0 f*the 




, •H™ lBn . (Kl nml bviil,; by 

ivK.HsiH, jioDoy d. Go., Ltd., .Lincoln, JSnglaiul, 

una-flow engine is almost twice the length of 
the cylinder of the corresponding drop-valve 
engine. 1 

In the engines so far described, each end of 
the cylinder is alternately 
heated by incoming steam #), 

and cooled by outgoing 
steam. The four-valve jl 

scheme is preferable to fill 

the D slide valve in this jL|]_ 

respect. A further modi- JoffnL 

lication of the four-valve 
arrangement is -to elimi- pJjKL 

nato the mechanically ITT RG 1 , r! Hj, 
operated exhaust valve 
and so make tho cylinder 
that the steam flow is j v 

always in one direction. 1 
Because of tho steam flow ■SFr/T^y 

being _ always in tho one Wjf~- I 
direction such engines are ; // 1 

called “una-flow” (some- N^fufTTsl^li 

times ‘ ‘ uni-flow ’ ’) engines. | v J~j M Jl 1, 

The general appearance of - 

a una-flow engine is illus¬ 
trated in Fig. 17. The 
engine is a single-cylinder engine of about 
100 horse-power at about 180 revolutions per 
minute. Nearly all the working parts are 
completely enclosed. Steam admission is con¬ 
trolled by drop valves worked by eccentrics 
irom a lay shaft, as in the drop-valve engine. 
The drop valves are arranged in the cylinder 
.covers, as may be seen from Fig. 18. The 


waste clearance volume is very small, and the 
total clearance volume is about 2 per cent 
oi the working volume. There are no exhaust 
valves m the usual sense of the expression, 
the cylinder barrel and piston are unusually 
long. The length of the piston is about 90 
per cent of the length of the piston stroke. At 
. 16 cen ^ le length of the cylinder barrel 
is an exhaust belt. Access to this belt from 
•ie cylinder barrel is obtained through a 
num iei of slots cut in the circumference of 
the cylinder barrel. The length of each of 
oiese slots is about 10 per cent of tho length 
j of the piston stroke. 

In a single-cylinder nna-ilow engine tho 
ratio of expansion is as high as in a quadruple 
! expansion engine. Consequently the out-olf 
f very early, being rarely later than ono- 
tenth of the stroke. When tho piston lias 
ticAi y reached the end of its stroke it uncovers 
the exhaust slots and allows an almost un¬ 
restricted escape for the used steam. On 
completing about 10 per cent of the reverse 
stroke the piston closes the exhaust slots and 
Hiich steam as is trapped is compressed. 
Compression continues until the end of the 
stroke. is nearly reached and the admission 
valve is ready to open again. The compression 
period is very long and the maximum com¬ 
pression pressure correspondingly very high, 

I lie indicator diagram obtained from the 
una-flow engine cylinder is strikingly different 
.unn that usually associated with steam- 


atrxTife 

II 1 I ,R.I I HLJ w.tl ititf] rfflr'**} 1 ’. 
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engine practice. 'In the normal design of 
una-flow engine a high vacuum is necessary 
to prevent excessive compression pressure. 
A jet condenser is usually provided and is 
placed immediately under tho engine cylinder. 
Lhe exhaust slots are so large in area as to 
oner practically a negligible resistance to the 
exhaust steam, and the vacuum in tho engine 
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cylinder is practically that in the condenser. 
To provide against damage due to excessive 
rise in compression pressure, should there he 
leakage past the admission valve or a fall 
in vacuum, spring - loaded relief valves are 
provided. Provision is made for running the 
engine temporarily non-condensing by throw¬ 
ing into communication with the bore of the 
cylinder an additional clearance space in each 
cylinder cover. These additional clearance 
spaces are controlled by valves. 

Superheated steam is generally used for una- 
flow engines. The piston under the action 
of high temperature needs lubrication. A 
mechanical sight-feed lubricator is provided 
for the purpose. Lubrication of the main 
bearings, connecting rod, and cross-head is 
forced, the oil being circulated by an oil pump 
driven by the engine itself. 

In Fig. 17 a large cylindrical casing around 
a portion of the lay shaft and almost touching 
the front eccentric .will be noticed. This 
casing encloses a shaft governor capable of 
fine speed regulation. It moves the eccentrics 
and so varies the cut-off to suit the load on 
the engine. The handwheel at the extreme 
end of the lay shaft is for speed adjustment 
by altering the governor conditions whilst 
the engine is in motion. 

Uniformity of turning moment is usually 
a requisite in engineering practice. As has 
been shown by Fig. 3, a single-cylinder engine 
gives a maximum cyclical variation and range. 
The flywheel therefore must be much heavier 
than would he necessary for a multicrank 
engine developing in the aggregate the same 
power as the single-cylinder engine. Although 
the flywheel of the una-flow single-cylinder 
engine is extraordinarily heavy, the una-flow 
engine is cheaper to build and operate than' 
the multicylinder engine. Una-flmv single- 
cylinder engines have been used for driving 
alternators direct-coupled to the engine crank 
shaft to run in parallel where the permissible 
cyclical variation of turning is extremely 
small. 

§ (T) High-speed Engines.— The so-called 
“high-speed engine” is due to the demand 
of electrical engineers for an engine to drive 
when coupled direct to electric generators. Its 
correct designation is “ quick revolution,” as 
the mean piston speed due to the short stroke 
employed is comparatively slow. Its great 
success for this exacting service led to its 
application elsewhere, and although the steam 
turbine has practically superseded the quick- 
revolution engine for electrical purposes, the 
engine, nevertheless, is in demand, as a con¬ 
venient, reliable, and moderately economical 
prime mover. It is usually vertical, and there¬ 
fore possesses the advantage of requiring but 
little floor-space. It is very compact, of no 
great weight per unit of power developed, and 


is made either as a simple, eoiupimud, or 
triple expansion engine, using either ml unti ed 
or superheated steam. This lorin of engine 
is conducive to high, efficiency, hut if high 
efficiency is to ho Maintained the engine muni 
be kept in good running condition. Ridels* 
revolution engines will not work Hatinfaetordy 
under conditions of neglect siteh as are uhmo* 
ciated too frequently with the running of the 
slow-revolution engine. 

The difficulties of adequately lubricating the 
moving parts of the high-revolution engine 
were not satisfactorily solved until the enclosed 
form of engine was designed. Thin type of 
engine is illustrated by Fig. 19. All the 
working parts are enclosed in an oil-tight 
case, and usually alf* that is in sight outside 
the case is a small piece of Jbe piston rod and 
of the valve rod. Lubrication of the various 
bearings is effected under pressure. The 
maximum oil pressure used is about thirty 
pounds per square inch. A small plunger* 
pattern oil pump driven, from the end of the 
crank shaft circulates the oil through passages 
and pipes. The bearings are flooded wit h oil. 
The oil escapes at the ends of the hearings and, 
dropping into the well formed by the crank 
case, passes through some form of cooler and 
is strained before entering the oil pump to con¬ 
tinue its journey one© more to the bearings. If 
each hearing is to receive its fair share of lubri¬ 
cant, all the hearings must bo finely and uni¬ 
formly adjusted. When the engine is running, 
nothing of the oiling provision is visible except 
an oil-pressure gauge. The quantity of oil in 
the oiling system is usually such that the enwik 
and the lower end of the connecting rod puns 
through the store of oil in about one-sixth 
of a revolution. This materially aids the 
lubrication of the crank pin. There is an 
inevitable leakage of condensate whore t he 
piston and valve rods enter the, easing, and 
the water finds its way into the crank ease, 
Provision should be made (if it has not been 
done by the engine builders) fur periodically 
removing this water and also the water of 
separation from the lubricating oil placed in 
the crank case. If such ho not made, the 
crank chums the oil and water into a viscous 
mixture of about the consistency of cream and 
of little value as a lubricant, and the pressure 
in the oiling system drops to an unsafe figure, 
about five pounds per square inch. If tin, 
water be removed periodically, the same oil 
may be used in the crank ease for many weeks 
running. A valvoless oil pump is preferable. 

If a quick-revolution engine runs ah, say, 
seven times the speed of an ordinary engine of 
equal power—and this is not unusual i-the 
time for heat exchange between the steam and 
the cylinder walls is one-seventh that of the 
ordinary engine. When running at -1 I 
revolutions per minute the period of exhaust- 
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occupies less than one-fourteenth of a second. 
As tlie time for heat flow is so short the 
cylinder condensation due to heat flow is 
correspondingly small. 

Because of the high number of revolutions 
the size of the engine cylinder is relatively 
small. This contributes to a minimum heat 
loss due to radiation per pound of steam 
entering the engine, and therefore the liigh- 
revolution engine is again preferable. Addi¬ 
tionally, the amount of covering provided on 



direction. """" 

Usually a governor is arranged with its 
axis horizontal, and is placed at the free end 
oi the crank shaft. The governor presents no 
special features other than that it works in a 
horizontal position. The hinged weights under 
the control of the powerful springs occupy 
definite positions at definite engine speeds 
Ihe position of the weights is communh 
cated to the sleeve and Muvn.rU-, a.. _ t 


Fia. 19. Kudosed Steam Engine. Built by Messrs. Allay & Maebellan, Ltd., Glasgow, Scotland. 


valves are arranged to he self-draining and 
water pockets are eliminated. When arranged 
for using saturated steam a “ separator ” is 
provided to drain ns much as possible of the 
moisture held in suspension in the steam 
before the steam enters the valve chest. 

Steam distribution is usually controlled 


by a 
slide 

fitf-ve influenced 


piston valve.” A piston valve is a I) 
in which the flat valve face is 
Piston valves are free 
iMh load and occupy 


s f m of reciprocating engfc* pf ftn unusually 
suus! of, to-day. The lnr* % of the rapidly 
alternating m wer built b-£ * Bubjfloted> 
Enclosed engines i-hfiragfr d % or reversing 
when running, but: 1$ §• ^ ^ A in single- 

cylmder engines, t-^_ F* $ wo is so 
arranged that only ft 1 K’ * S' Wwork is 
\ -d & * * 

3 » a. «a ‘ 
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chest. _ Tiie position of the valve determines the 
quantity of steam passing the valve, and control 
of the engine speed is therefore by throttling. 
With this form of governor control it is possible 
to work with a maximum momentary variation 
in speed of but 2 per cent and a permanent 
variation of less than 1 per cent when full load 
is suddenly removed from the engine. With the 
exception of tho weights and springs the moving 
parts of the governor gear are very light and 
easily operated. A heavy flywheel is essential, 
particularly for the single - cylinder engines. 
A tachometer or revolution indicator is pro¬ 
vided, driven from the engine shaft by a belt. 

■§ f 8 ) The Locomotive,— -The present-day 
locomotive engine is a compact self-contained 
steain plant remarkably powerful for the Bpace 
occupied, whilst possessing exceptional flexi- 
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bilitv in operation. The form of steam 
crenerator used and the general disposition of 
the engine parts still bears the stamp of 
Stephenson’s genius. Whilst in other branches 
of steam engineering the compound engine has 
proved its right to the first place, in locomotive 
practice generally the simple engine prevails. 
The conditions under which locomotives must 
work are unusual and severe. Minute by 
minute almost, the conditions change as 
different gradients are encountered, and often 
extreme acceleration or retardation occurs at 
short intervals. The conditions of service 
debar the use of a condensing provision. 
Therefore for locomotive service the simple 
engine has survived. 

The steam boiler is secured at one end to 
the frame plates; at the other end it is 
supported, so allowing freedom for the change 
of length due to temperature variation. The 
engine cylinders are secured to the same 
frame plates at the anchored end of the 
boiler. This avoids racking the steam pipe 
between the boiler and the engine cylinders. 
If the cylinders be placed within the frame 
plates the locomotive is called an “ inside 
cylinder engine ”; if placed outside the 
frame plates the locomotive is called an 
“ outside cylinder engine.” The exhaust 
from the cylinders is used to augment the 
draught and therefore promotes I'apid steam 
generation. If the exhaust were not used 
for draught acceleration, a much larger and 
heavier boiler would be required. The 
pistons, piston rods, cross-heads, and connecting 
rods are similar to those used in simple land 
engines, although, owing to restricted space, 
the detail is different. The locomotive engine 
is not provided with a governor. By an 
intelligent use of the reversing gear and 
the steam admission valve or “ regulator ” 
the engine power can be easily adjusted by 
either or both throttling and varying the 
cut-off to suit the constantly altering runnin 0, 
conditions. The double - eccentric reversing 
gear, as illustrated in Fig. 12, together with 
a simple D-slide valve is commonly used, but 
many variations in valve gear are to be found. 
Keyed to the crank shaft, or “ crank axle,” 
are the two driving wheels.” The driving 
wheels take the place of the flywheel or 
flywheels of the stationary engine. The rim 
of each wheel is provided with a tyre having 
a cross-section suitable for the rails on which 
the wheels roll. Adhesion between a tyre 
and a rail depends upon, amongst other 
factors, the weight pressing the two together. 
In order to take advantage of the weight of 
the locomotive, and in view of the weight 
upon any one axle being restricted to some 
certain amount depending upon the construc¬ 
tion of the track, etc., the wheels of two or 
more axles are usually coupled together. 


The coupled wheels net as supplementary 
driver wheels. To enable the wheels 1" be 
coupled, they are provided with crunk pin-, 
and the coupling rods connect these crank 
pins and cause all the wheels In revolve 
together. In the common two - ryliiidef 
locomotive the engine crunks are arranged 
at right angles to one another. This is 
beneficial, not only because it reduces the 
fluctuation of the twisting moment, but 
because it enables the engine (o start, front 
almost any position in which it may have 
come to rest. The axles of the coupled, wheel , 
other than the crank axle are plain axles. 

A marked difference between the stationary 
and the locomotive engine is that in the 
locomotive the crank-shaft bearings “ nxle 
boxes ”—and the bearings for the other axles 
are not rigidly fixed to the engine frame. 
Each bearing is spring supported. Whilst 



constrained horizontally the spring support, 
allows the axle box a certain limited movement, 
vertically. A typical axle box with its spring 
support is shown in Fig. 20. Tim axle b„x 
slides vertically within the guide bolted to 
the engine frame. The spring absorbs shocka 
due to inequalities in the track. 

Although an engine speed of about :»iwi 
revolutions per minute is quite common, and 
although the conditions respecting dust and 
grit are anything but ideal, the simple memw 
used for lubricating the axle within the axle 
box is effective. In marked con trust is t he 
care and elaboration of detail fc v \ rv 

■for stationary •cAue at L,’ 

speeds. OnljJ 11 ^ of 

box corn*, aJt "* 

lower portion of tWioi, ,. te wJfJj 

a hollow “ keep ’ ilH tm oj j 

■container. A felt lu^ety™. |)fu l j H hvhtlv 
pressed against the axlP - ^- slender springs, 

Tn < tb iS I* 16 is I?artly 5tM &eraed in the oil 
m the keep the surface ly contact with the 
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axle is well supplied with lubricant. Addi¬ 
tionally, oil is conveyed from an oil box formed 
m the top part of the axle box to suitable 
oiling grooves cut in the bearing surface in 
contact with the axle. 

A six-coupled, simple, inside-cylinder, side- 
tank locomotive is shown in Fig. 21. An 
unusual degree of flexibility is given to the 
axle boxes for the trailing axle (under the 
cpal bunker) to permit the locomotive to nego¬ 
tiate curves readily. Whilst but a moderate 
sized engine, this locomotive is typical of a 
class in groat demand, under certain condi- 
tions, for home railway service. 

§(!)) Marine Engines. —The modern marine 
reciprocating steam engine at first view does 
not appear to have much in common with the 
simple engine already described. Its difference 
in form and detail is solely due to the endeavour 


very common 
service is rar 


an engine of this size for land 
Whilst for certain marine 


.. uei-Liuu marine 

SvIITob 10 ; eoi] ;r cating steam en s hie iia S 

{«, 1 f i t0 th ° geared stcam turbine, 
b nh-rr n °J becau c so of mechanical defect or 
inability to perforin exacting dutv The 
average engine is remarkably reliable and 
frequently works under the most adverse 
conditions. For “tramp” steamers the re- 
ciprocatmg steam engine holds the premier 
position. 1 

triple expansion engines are customarily 
used, although quadruple expansion engines 
with higher steam pressures and superheated 
steam arc not uncommon. The engines are 
vertical with the cylinders arranged immedi¬ 
ately above the crank shaft. A typical engine 
is shown in Fig. 22. The rear “columns for 
supporting the cylinders arc of cast iron and 



Fig. 21.—Six-coupled Tank Engine for the Brecon n.ui mahi,,,* i > ,t» 

Messrs. Robert Stephenson & (Jo., Ltd., l)arllfc)U, y £liffil. y ' 


Built by 


to satisfy the requirements peculiar to the 
use of reciprocating engines for the propulsion 
ot ships. The form of cross-section of the 
vessel, the necessity of having the crank 
shaft relatively close* to the keel of the vessel 
m order to secure immersion of the propeller 
when the vessel is running without cargo, the 
desirability of being able to run continuously 
for many days without impairing the ability 
of the engine to reverse instantaneously on 
demand, the ability to obtain unlimited sup¬ 
plies of cooling water for use in condensers, and 
the inability to obtain, other than to a very 
limited extent, fresh water for use in steam 
boilers—all these, as well as other factors, 
have influenced the moulding of the simple 
form of reciprocating engine into the marine 
engine of to-day. The largest reciprocating 
steam engines ever built have been for marine 
service, and the average size of engine in use 
at present on board ship, is much larger than 
used elsewhere. A “ tramp ” steamer equipped 
with a two thousand horse-power engine is 


the front columns are of wrought steel. The 
engine is therefore more open for inspection 
when running, and is less massive in appearance 
than when the front columns are of cast 
iron also. The condenser is at the back of 
the engine, and is carried upon brackets 
forming part of the rear columns. The sea 
water used for condensing the exhaust steam 
passes through the nests of small-bore tubes 
forming the condensing surface, and the 
steam is condensed on the exterior surfaces 
of these tubes. For circulating the condensing 
water a plunger pump is usually provided, 
this P um P» together with the air pump and 
sometimes also feed and bilge pumps, is driven 
from one of the cross-heads by means of a 
lover and links. The pumps'are arranged 
under and at one side of the condenser, 
ihe duty of the air pump is to remove from 
the condenser such air as inevitably finds its 
way in amongst the exhaust steam through 
the piston rod and perhaps valve rod stuffing- 
boxes, and also the condensed steam. 
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The left end of the crank shaft of Fig. 22 
is coupled to the line shafting terminating in 
the propeller shaft. The propeller screws its 
way through the water and, in doing so, 
transmits a considerable thrust to the ship. 
Adjoining the engine is a thrust-block bearing 
in which a number of collars formed on the 
thrust shaft, the shaft directly coupled to the 
C rank shaft, bear against an equal number of 
fixed bearing surfaces, so transmitting the 


A special inertia governor is ho metimcs. em¬ 
ployed to check the “racing” of the engines, 
which occurs if the propeller bo momentarily 
lifted out of the water by the pitching of the 
vessel during rough weather. This governor 
operates a disc throttle va.lvo placed in the 
main steam pipe close to the engine. Many 
engineers prefer hand control of the throttle 
valve and do not fit a governor. In the illus¬ 
tration the vertical rod to the right of the 



FIG. 22.—Triple Expansion Marine Engine. Designed and built by Messrs. The North- lOustorn Marine 
Engineering Co., Ltd., Wallscnd-on-Tync, England. 


thrust of the collars to the thrust block and 
thence to the ship itself. The crank shaft is 
in three sections. To facilitate overhauling of 
the engines when in port-, a small simple engine 
is provided at the left end of the main engine. 
The small engine drives a worm which, by 
gearing into a suitable wheel secured to the 
crank-shaft coupling, is able to slowly rotate 
the main engines to any desired position for 
inspection. 

The ordinary forms of governor used for 
land engines are unsuited for marine service. 


right column is connected at the upper end 
to the small lever of the throttle valve. At 
the lower end of the vertical rod in a hand 
lever. No governor is provided. 

The Stephenson pattern link motion is fitted 
for reversing. The detail is slightly different 
from that of Fig. 12. The reversing shaft is 
at the hack of the engine. It receives vibra¬ 
tory motion from a small steam engine placed 
on the main engine bed-plate and midway 
between the middle and right front columns. 
The handwheel of the engine is specially 
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prominent. This sim le "^7"through a 

™ ; i wwi *» *> a™'» ornuit 

•mil lin’d tn iY,™ n6Cta tlllB 0MBk l’ 1 ' 1 Witt the 
ami lixcd to lltc reversing sliaft. Tlio arrange- 

moni ih Hucih that whilst the crank pin de- 

sui'ibcH a (unde the end of the lever of the 

10 versing shaft- vibrates through about 90°. 
As hero are no stops for the reversing links 

11 Sear is very convenient, 
t is called tho all round” reversing gear. 
I ho engine as a whole can he linked up by 
the reversing . gear, as in the locomotive. 
iSomctnnoH it is considered advisable to alter 
independently th e cut-offs in tho three 
cylinders, and a simple provision is made for 
tins to be done without interfering with tho 



Fig. g;s. 


possibility of immediately reversing the engine 
as a whole, 

, Tlu ' high-pressure cylinder is fitted with a 
piston valve. A typical piston valve is illus¬ 
trated in Fig, 23. The steam supply outers 
at >S. Tho exhaust edges of tho valve are tho 
outside edges in this instance. The arrange¬ 
ment shown keeps the high-temperature steam 
away from tho valve rod stuffing-box. The 
valve works within a liner which is fitted for 
ease of renewal in case of wear. A partial 
development of the liner is shown, from which 
the slope of the connecting bars between the 
port slots will bo noticed. The angle is arranged 
so that ridges will not be formed on the surface 
of the reciprocating valve. The separate steam 
and. exhaust openings cut in each end of the 
valve liner allow for a long guiding surface to 
he given to tho valve. In principle the valve 
is a simple R-siido valve. The valves for the 
intermediate and low-pressure cylinders are 
double-ported, flat - slide valves, i.e. valves 


arranged to give a large opening for a small 
travel. 

§ (10) NewooW’s Engine. —The first 
successful and practical reciprocating steam 
engine was invented and constructed early 
in the eighteenth century by Thomas New¬ 
comen. The steam pressure was low—rarely, 
in fact, did it exceed that of the atmosphere. 
Rapid development was delayed because of 
inability to obtain steam generators capable 
of working at pressures above that of tho 
atmosphere. In the early days of the New¬ 
comen engine an attendant was required to 
operate the control valves, but eventually the 
engine was made self-acting by introducing 
valve-operating rods attached to the overhead 
beam. About the 
year 1711 the New¬ 
comen engine began 
to be used for the 
pumping of water 
from mines, and for 
about three - quarters 
of a century it was 
the best prime mover 
in this country. 

F i i /. 2 4 8 h o w s 
schematically tho 
Newcomen engine. 
The piston is shown 
at tire top of its 
stroke. Steam is 
generated in the boiler 
A, whence it passes 
through tho control 
valve V, when re¬ 
quired, into the cylin¬ 
der (.!. When tho 
cylinder is full, the 
control valve V is 
closed and a jet of 
cold water is sprayed into tho cylinder 
through tho spray pipe S. The steam in 
consequence is condensed and a slight vacuum 
(dependent upon the lit of the piston in. 
the cylinder) is formed under the piston P. 
The pressure of the atmosphere, acting directly 
on the exposed surface of the piston, forces 
the piston to tho bottom of the cylinder. Tho 
eondonsed steam and tho injection water escape 
from tho cylinder by tho escape valvo E and 
pass into tho feed-water tank E. At opposite 
(aids of the oscillating beam B are attached 
by chains tho weighted mine pump rods M. 
and the piston. The weights of the parts 
attached to the beam are so arranged that on 
completion of tho down stroke, when steam is 
admitted again to the cylinder, the piston is 
readily taken to the top of its stroke. 

No attempt is made in the Newcomen engine 
to uso the expansive properties of steam, the 
function of the steam used being merely to 
facilitate the formation of a vaouum. Leak- 
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acre of air into the cylinder is prevented by 
sealing the upper surface of the piston with a 



single acting but tho top of the cylinder is 
closed. The closing of the cylinder top and 
tlxe providing of a steam jacket surrounding 
the cylinder body keeps both piston and 
cylinder warm. The steam acting on the 
upper surface of the piston takes (he place of 
the atmosphere in the Newcomen engine. Only 
the lower end of the cylinder 1 h allowed to 
come into cominunictition. with tho coucIouhot. 
Three valves are used to control the steam, 
V y a an d V 3 . V x is tho steam valve, V a is 
the equilibrium valve, and V r> is tho exhaust 
valve. All three valves are operated by a 
plug rod P and tappet levers (not shown). 
The plug rod receives its motion from tho 
overhead beam B. The method of operating 
the engine is as follows, commencing with tho 
piston at the top of its stroke and ready to 
start on tho down stroke: tho equilibiium 
valve V a is closed, the exhaust valve V., is 
opened to allow tho under side of tho piston 
to he subjected to tho vacuum of the con¬ 
denser C into which tho escaping steam from 
the under side of tho piston flows. .1 he steam 
yalve V 1 is opened, and tho steam passing on 
to the upper side of tho piston forces the 
piston down to the bottom of the stroke. 
Here the two open valves are dosed and the 
equilibrium valve V a is opened, so allowing 
gravity acting through the weighted pump 
rods M to bring the piston to the top of its 
stroke. For removing the condensed water 
and condensed steam, and any air that may 
have entered into tho cylinder and condenser, 


layer of water. The heat wastage due to the 
alternate use of the cylinder as a steam re¬ 
ceptacle and as a condenser is enormous, and 
the thermal efficiency of the engine is corre¬ 
spondingly small. The Newcomen engine is a 
single-acting atmospheric engine. 

§ (11) Watt’s Engine.— James Watt dis¬ 
cerned its inherent defect when repairing a 
model of the Newcomen engine for Glasgow 
University. In 1769 he patented his improve¬ 
ments, and in his specification laid down basic 
principles which to the present time have 
determined the development of the steam 
engine. Although his patent was of far- 
reaching importance, for a few years it re¬ 
sulted in nothing more than an improvement 
of the Newcomen type of engine—still single 
acting, with steam carried the full stroke, ^ 
only suitable for pumping, but able to make .' 
an increased number of strokes per minute 
and less wasteful of heat than formerly. His 
separate condenser was generally worked by 
injection, although he saw the potentialities of 
the surface condenser and even made a model 
condenser similar in essentials to those used 
with modem marine engines. 

Fig. 25 shows the Newcomen engine as 
improved by Watt in 1769. The engine is 
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an air pump A is provided. Tho diHcdmrge 
from this pump is into the hot well H, from 
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which tho food pump E draws its supply, of 
hot water for feeding boiler. 

Watt saw a multitude of uses for his engines 
if tho reciprocating motion of his piston 
rod could ho changed to the rot-ary motion 
of a shaft. To achieve this end he devised 
tho crank and connecting-rod mechanism, 
although retaining tho overhead beam, hut- 
on some one patenting Watt’s device lie pro¬ 
duced the sun and planet- wheel mechanism 
and patented tho det-ail in 17S1. (>n the expiry 
of the patent relating to the crank and con¬ 
necting rod, the mm and planet- mechanism 
was discarded and the crank and connecting 
rod came into practically universal use ns a 
reciprocating engine mechanism. 

Watt’s next object was to eliminate tho 
wasted stroke of his single- 
acting engines of 17(55), and in 
1782 ho patented his double- 
acting engine. At this time he 
also patented the idea of using 
steam expansively, /.o, of 
admitting live steam only for 
a portion of the stroke of tho 
piston and allow¬ 
ing tlie quantity 
admitted to con¬ 
tinue doing work 
by expansion until 
tho piston reaches 
tho end of its 
stroke. In view 
of each stroke now 
being a power 
stroke the original 
chain form of con¬ 
nection between 
the piston rod 
and tho oscillating 
beam was no longer feasible. 

To take its place he devised 
the so-called parallel motion. 

The function of the parallel 
motion is to guide the upper 
end of the piston rod so that, 
whatever the angle the beam 
may make (within the designed 
limits) the end of the piston rod is not 
deflected from the vertical. The pressures 
at which his engines worked rarely exceeded 
seven pounds per square inch above the 
atmosphere, although he was well aware of 
the advantages of using steam expansively. 
Further patents were the throttle valve for 
regulating the admission of steam to the 
engine cylinder, and the centrifugal double 
pendulum governor for controlling the engine 
speed by operating the throttle valve. He 
also devised the first indicator for recording 
graphically the state of affairs existing within 
the engine cylinder at any part of the stroke. 
To Watt is due the present met,hod of rating 


the duly of engines- (he horse-power. Ho 
defined one iior.se power to he the raising of 
.18,000 pounds through one foot in one minute. 
In partnership with Matthew Boulton he 
carried on as a commercial venture tho manu¬ 
facture and sale of his engines at works in 
Birmingham. 

Watt’s double*acting engine of 1782 is 
shown diugmmmuticnlly in M,j. 2(1. In addi¬ 
tion to the then customary arrangements for 
pumping, a continuous rotary motion of a 
shaft is provided through the medium of his 



■in. 20, 


sun and planet wheel mechanism. Valves Vj, 
and V., are steam valves; V a and V, are 
exhaust valvoH. Commencing with the piston 
at tho tap of its stroke tho cycle of events is 
as follows—exhaust valve V a and steam valve 
• Va ft*© closed, and steam valve Vj, and exhaust 
valve'V 4 are opened, Steam may now enter 
the cylinder above the piston and press down 
the piston, tho steam from the previous stroke 
meanwhile exhausting into tho condenser 0 
through the exhaust valve V 4 , The purpose of 
tho injection jet J is to condense the steam. 
The steam valve V t may be closed before the 
completion of the piston stroke and the expan¬ 
sive properties of the steam used to complete 
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the stroke. For the return stroke the steam 
valve V 3 and the exhaust valve V 2 are opened 
and valves Vi and Y i are closed. When the 
engine has been thoroughly warmed up and is 
under way, the opening and closing of the valves 
is performed automatically by a plug rod P 
driven by the oscillating beam B. The plug 
rod moves levers connected to the valves and 
so operates the valves. The engine speed is 
controlled by a centrifugal pendulum governor 
G driven from the engine shaft by a belt. 
The governor actuates a throttle valve T 



placed in the steam pipe S, near the cylinder. 
The throttle valve consists of a disc mounted 
on a spindle working within the steam pipe. 
The angular displacement of the disc from the 
closed to the open position is about ninety 
degrees. 

§ (12) Hornblower’s Engine.' —To 
Jonathan C. Homblower belongs the honour 
of making the first compound engine. His 
engine, patented in 1781, consisted of two 
cylinders of different diameters placed side by 
side, the steam doing work successively on the 
two pistons. Both pistons were coupled to 
the same end of an overhead oscillating beam. 
Owing to an infringement of Watt’s patents 
the expansive condensing engine introduced 
by Homblower was abandoned for many years. 
About the commencement of the nineteenth 
century the idea was revived. To what extent 
Homblower appreciated the advantages of the 
compound engine is uncertain, but nevertheless 
his work marks the greatest advance made in 
reciprocating steam-engine construction since 
Watt applied his genius to improving the 
Newcomen engine. 

The revival of the compound engine did hot 
pass unchallenged, and its competitor proved 
itself to be so satisfactory under the prevail¬ 
ing conditions that compounding again fell 
into disuse. Its competitor was the single¬ 
cylinder high-pressure engine, which, at this 


time, had the advantage of simplicity coupled 
with unusual economy. Introduced originally 
by Richard Trevithick for propelling vehicles 
along roads, it eventually, when modified 
somewhat, took the form of a pumping engine 
and for many years held sway under the name 
of the Cornish pumping engine. 

§ (13) The Cornish Engine. — In the 
Cornish pumping engine, as was customary 
at that time, the cylinder was placed to 
work on to one end of an overhead beam. 
At the other end of the beam was attached 
the usual heavy pump rod working a pump 
placed at the foot of the mine shaft. ’The 
down stroke of the piston was duo to Htoam 
being admitted above the piston; on the 
stroke being completed the two sides of the 
piston were placed in equilibrium by opening 
an equilibrium valve similar to that used 
in Watt’s single-acting engine. The heavy 
pump rods, under the action of gravity, 
descended, doing work in their descent and 
bringing the piston again to the top of the 
cylinder ready for another power stroke. The 
valuable expansive properties of the steam 
were used by cutting off the supply of steam 
early in the stroke. This, combined with the 
relatively high initial pressure used, and the 
beneficent effects in the present engine of the 
inertia of the large moving masses employed, 
resulted in unusual economy. A small plunger 
pump was used for controlling the frequency 
of the engine strokes. The plunger of the 
control pump was raised by the engine beam ; 
the descent of the plunger was controlled by 
the rapidity with which, the fluid under the 
plunger was allowed to escape through an 
adjustable orifice. The steam and exhaust 
valves were controlled by levers and catches 
which the plunger in descending operated, 
The plunger control pump was called a 
cataract. A similar pump was used for work¬ 
ing the equilibrium valve, and was set ho that 
a decided pause occurred when the pump rods 
were at the top of their stroke, thus allowing 
time for the pump cylinder to fill with water. 
Whilst the efficiencies of those engines were 
undoubtedly very good, some of the claimed 
results of tests are of so startling a character 
as to cause tho trial data to he regarded with 
suspicion. These engines played a prominent 
part in the development of tho steam engine 
as a reliable prime mover, and especially 
drew attention to the advantages accruing by 
the use of high-pressure steam expansively. 

§ (14) M‘Naught’s Engine, 4gA bout tho 
middle of the nineteenth century tho second 
revival of the compound engine took place. 
Facilities for generating steam at higher 
pressures than had been common hitherto, 
the need for augmenting the power developed 
by existing machinery, and the cry for 
greater economy in steam consumption — 
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^Goao, and other factors, led M‘Nonght in 1843 
.jl improve the existing Watt beam engine by 
t . i ,1! i a h^h-pressure cylinder. The piston 
0 c . °t this cylinder was connected to the 
SI- ^earn at some convenient position, the 

*?** ° f tho . new cylinder being made to 
’I position chosen. After working ex- 

^ Q-naivoly in the high-pressure cylinder the 
t earn passed into the original cylinder, now 
1 °w-pressuro cylinder, to do further work 
I ' toro exhausting into a condenser. As might 
a ° expected it was found that the many engines 
^ "bleated had their total power greatly in- 
oflr n ’* Setl anti ® howcd a mn >torial gain in thermal 
, r Uoien °y. Compound engines now came into 
*-»o*ieral use, and their advantages became more 
with the advent of still higher 
Oiler pressures. Generally, with the exception 
rJ: locomotives, the majority of large engines 
H,r° now stage expansion engines. In the loeo- 
n.ofcivo factors exist which render the stage 
expansion idea difficult to apply. The largest 
1 ®vol°pment of the reciprocating compound 
('tigino has been in tho marine service. The 
t J f3e.il luting beam is no longer used j through 
‘* ie Medium of Watt’s crank and conneoting- 
r ° d mechanism rotary motion is produced 
Without the intervention of tho beam. Modern 
5 > r‘ l ®^ nes aro ver y different in appearance from 
tdiose of the early days, occupy less space, 
" rG lgli less per unit of power developed, and 
aro much mtire economical in stoam con- 
Humption, but let it be remembered that the 
tiobfc we owe to those idealists and engineers 
< »£ tlio past two centuries is great. 

. The development since tho middle of the 
nineteenth century has been more in tho 
direction of size of unit rather than in the 
application of hitherto unoonsiderod principles. 
With increase in skill in boiler-making and the 
ability to obtain boiler material of a quality 
arid reliability unknown to the earlier boiler- 
makora, steam pressures gradually increased 
until now pressures of 200 pounds per square 
inch are common. Tho two-stage expansion 
mgino has given place to tho three- and smne- 
U ines the four-stage expansion engine, with, 
m.tnrally, increased heat efficiency. The ad- 
mintages of superheating tho steam, i.e. lioat- 
ngf the steam above tho temperature duo to 
■urination, have boon investigated, and despite 
iiueh discouragement the designing and 
>p era ting of superheated steam plants has 
•eeoivod considerable attention. Tho results 
„B regards heat efficiency have been enoourag* 
ug, and rapid development is assured. 

TTio bulk of steam-engine development has 
>eera due to tho activities of the British. In 
fvlivti vely recent years others, however, have 
titered tho field to aid in the advancement of 
pplied science. In 1885 L. J. Todd, realising 
ho almost thermal instability existing in the 
rdirtary form of reciprocating engine cylinder, 


attempted to overcome the inherent defect by 
inventing and making the one-directional-flow 
engine, usually called the una-flow (or some¬ 
times the uni-flow) engine. In the ordinary 
form of engine there is frequent and con¬ 
tinuous reversal of steam flow so long as the 
engine is running. This materially affects tho 
heat efficiency of the engine. In his engine 
he has arranged tho steam flow so that it is 
always in the same direction. The results of 
his researches during the few succeeding years 
were unheeded, and it was left to German 
engineer's to continue his labours and by care¬ 
ful and precise effort to bring his ideas to 
practical achievement. Continental engineers 
havo shown remarkable perseverance and in¬ 
genuity in perfecting this important form of 
engine. The unusual features are that tire 
steam ends of the cylinder are always hot and 
the exhaust portion of the cylinder always 
cold, and that the ratio of expansion in a 
single cylinder is as great as that usually 
found over the cylinders of a triple or quadruple 
expansion engine of the ordinary alternating- 
flow pattern. Only recently have British en¬ 
gineers turned their attention to tho design 
and manufacture of the una-flow engine, and 
in 1920 there was in process of manufacture 
a larger una-flow engine than had hitherto 
been constructed. It is said that up to the 
end of 1911 una-flow engines aggregating over 
one half-million horse-power had been made 
or were in process of manufacture. 

§ (16) Stephenson’s “Rocket.” — As has 
already been mentioned, Trevithick applied 
the reciprocating steam engine to the pro¬ 
pulsion of road vehicles. It was not, how¬ 
ever, until 1829, twenty-five years after Trevi¬ 
thick had shown the possibility of steam- 
driven vehicles, that tho question of horse 
versus steam traction for railways was de¬ 
finitely settled. In this year locomotive trials 
were conducted, and the engine, “Rocket,” 
made by George Stephenson, proved itself 
vastly superior to all competitors and gave a 
general outline to tiro locomotive which persists 
even yet. Tho cylinders of tho early loco-' 
motives were placed vertically; in tho Rooket 
they were inclined and afterwards placed almost 
horizontally. The exhaust from the engine 
cylinders was used to accelerate the draught, 
so giving a ready combustion of the fuel, even 
with a small boiler. Stephenson’s boiler was 
a multi-tubular one. The products of com¬ 
bustion passed through these tubes on the 
way to the chimney. The tubes provided a 
largo heating surface, and in this respect his 
boiler was in advance of contemporary boilers. 

A crude arrangement of gabs was provided 
to facilitate reversing the direction of motion 
of the engine. This arrangement eventually 
developed into tho now common link-motion 
reversing gear. The link motion also has the 
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advantage of allowing variation in the ratio 
of expansion to be made without stopping the 
engine The manufacture of locomotives was 
taken up by his son Robert Stephenson _ at 
Newcastle-on-Tyne, and had a far-reaching 
effect upon the commercial expansion of Great 
Britain. Restrictions in loading gauge have 
cramped the development of the locomotive 
in Great Britain, but where the restrictions 
have not been so severe the steam locomotive 
has become extraordinarily powerful and oj 
considerable bulk and weight. 


for certain marine .services it has been super¬ 
seded by the steam turbine imcl the internal 
combustion engine. Its days are, however, 
by no means over, and for several ‘'lasses of 
work it will not readily be replaced. 

Although locomotives and marine engines 
may justly claim the bulk ot the power ol the 
reciprocating engines manufactured, the other 
services to which this form ol engine has been 
applied are legion, and in the aggregate the 
power developed is enormous. Each well- 
defined branch of industry has its own peculiar 



Fig. 28.—George Stephenson's “ Bucket 


§ (16) The First Marine Engine.— 
Another natural application of the steam 
engine was to the propulsion of ships. The 
first practical application was to a tug, Char¬ 
lotte Dundas, which was tried in the Forth and 
Clyde Canal in 1802. A Watt double-acting 
condensing engine was installed. It was placed 
horizontally, and by means of a connecting 
rod drove the crank of a shaft carrying a 
paddle wheel placed at the stem of the vessel. 
The trial was successful, but outside interests 
prevailed, and steam towing was abandoned. 
In 1807 an American, Robert Fulton, prepared 
a vessel on the Hudson River for engines made 
to Ms design by Boulton and Watt. His 
venture was a success, and for the first time 
steam navigation was commercially feasible. 
Since then improvements have been in design 
rather than in principle. The modem marine 
reciprocating steam engine is wonderfully 
reliable, and compares very favourably in 
economy with the best of land engines, yet 


requirements to be satisfied, and hence if. is 
that there is so much variation in tlm detail 
of land engines. Unquestionably, many of the 
smaller size engines are inherently wasteful, and 
the wastage is frequently amplified by lack of 
knowledge and sheer indifference on the part 
of owners and attendants, yet they retain 
their position as prime movers because oi their 
freedom from break-down and their Hexibilily 
in operation. \ o * 

STEAM ENGINE, THEORY Olf 

§ (1) Introduction. — The theory of the 
steain engine considered as a heat engine, 
that is to say, considered as an appliance 
by which work is done through the agency 
of heat, is a development of “ Thermo¬ 
dynamics ” (q.v.). The engine may be of 
the piston and cylinder typo, whore work 
is done during the expansion of the working 
substance and as a direct result of that 
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o«»iihwhiwioo of 1 -ho pressure 
t exerts on its containing 

>f Vf ^'T'kdi 1110VOH so as to increase 
tOio contents. Or it may he of 
EV.pe, where a stroam of the 
' ^Ucg acquires kinetic energy by 
a I’eytrion of comparatively high 
(1 1 ’ e ^ iou lower pressure, and 
l >y -t-ho impulse or reaction of 
ti . *ii<>ving vanes. In either ease 
^voi-ncid by the hirst and Second 
■ 11 «:»<iyt)amics. A fraction of the 
Hup plied to the working sub- 
, <Ur « as heat, by being converted 
Ila i 1 icsril form of energy which it 
11 of i-lie engine to produce; and 
1 'vHlcsli determine how large that 
1)0 are those laid down by Carnot 
, < ’ n < *f the conditions under which 

1 efficiently perform work 

y < lxoat. In either case it has 
t tec,l that the fraction convertible 
limited by the temperature at 
‘‘Hefner substance takes in heat 
! Uo * and the lower temperature 
the unconverted remainder, 
tho i t. I oaf limit of efficiency which 
rturoH impose will lie more and 
l !»pt*< )n.ch[‘( 1 the more nearly the 
oetsvtr within the engine are 
fL J I tire .heat which the working 
'r * 11 vvero taken in at an absolute 
, i aiui all the heat which it 
looted tit an absolute temperature 
tnit, of efficiency would bo 


r l\ -T., 


n <e r I.Mic.nnodynamicH,” § (20). 
tJuxti .•vrticlo an imaginary re- 
engine is described,' in which 
n i>.v evaporation of the work- 
at. a, temperature I\ and is 
out 1 < *i i nation of the working 
.temperature T,. Within that 
;ino there is no irreversible 

Molmtnnce changes its tem- 
T’x to T a by adiabatic ex- 

nm. r .V a hack to Tj by adiabatic 

ine works in a strictly rover- 
find tlio ideal efficiency which 
rovorniblo working is to ho 
Htibi i< 1 iird by comparison with 
tauvl performance should ho 
uutunl efficiency, namely the 
work done to boat supplied, 
•od by observing the indicated 
o cxiia.ntity of steam supplied, 
ffioriB as to temperature and 
8 wpi>ly. The actual efficiency 
t )0 Igbs than the ideal efficiency 
,ds to reversible working under 


c the assigned conditions as to supply and 
g rejection of heat. Its ratio to the ideal efficiency 
o is called the “ Efficiency Ratio.” The efficiency 
1 f ltu) . 161 !ltl important criterion of performance, 
o but it must ho borne in mind that when one 
f on « ine is compared with another, we are 
i concerned not only with the efficiency ratio 
1 of each, but also with the ideal standards, 
t which may differ widely owing to differences in 
? f ho conditions under which the engines receive 
l heat or reject it. 

i § (2) Cycle of Operations (Carnot). _If 

- the heat which the working substance of a 
l steam engine takes in were exclusively the 
5 keat of evaporation of the steam, which, is 
l received at the temperature of the boiler, it 
i would be proper to take the efficiency of the 
1 pf ri ) ot Qyole, namely (I\ - T a )/a\, as the 
ideal standard with which the actual efficiency 
should, be compared. But this would require 
the feed-water to lie already at the temperature 
T\ before it begins to receive heat, a condition 
which requires all the operations to occur in • 
a single vessel, as in the imaginary engine of 
Carnot. When the organs are separated into 
boiler, cylinder, condenser, and feed-pump, 
adiabatic compression from T a to [\\ becomes 
impracticable, and in lieu of it we have, as 
an essential part of the cyclic process, the 
heating of the feed-water from T a to 'I\ by 
direct application of heat. Tims the cycle to 
he considered is one in which part of the heat 
is necessarily received at temperatures lower 
than Tx, namely that part of the heat which 
serves to warm the food-water up to the 
temperature of the boiler. It is easy to imagine 
an ideal, cycle of operations in which the 
working substance takes in heat in this manner 
hut in which the internal actions aro com¬ 
pletely reversible. 

, Taking the Carnot cycle with its four opera¬ 
tions, as described in “ Thermodynamics,” 
§(40), let it bo modified as follows.’ Let the 
first and second operations occur as they do 
| there, namely the vaporisation of the water 
at T„ and the expansion of the steam from 
11 to Tjjj but let the third operation, namely 
the condensation at T a , bo continued until the 
steam is wholly condensed. The substance 
then consists of water at T a , and the cycle is 
completed by heating it, in the condition of 
water, from T a to T\. In an engine whore all 
the operations occur in a single vessel this 
could be done by increasing the pressure 
exerted by the piston from P a to P* before 
applying the hot body; this prevents steam 
from forming during the heating of tho water. 

The indicator diagram of the cycle modified 
in this maimer is shown in Fig. 1 . There ab 
is the operation of forming steam, from water, 
at and P x ; be is adiabatic expansion from 
Tj and P x to T a and P a . During tills operation 
part of the steam becomes condensed. Then 
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ce completes the condensation, at T a and P 2 . 
In the fourth operation the pressure of the 
condensed water is raised from P 2 to P x and 
its temperature from T 2 'to T r During that 
operation the change of volume is negligible 
in comparison with that which takes place 
in the other operations. 

The entropy-temperature diagram (see 
“ Thermodynamics,” § 

j ®--? (26)) for this modified 

\ cycle is shown by abed, 

\ Fig. 2, where the same 

\ letters as in Fig. 1 are 
N. used for corresponding 


Fig. 1.—Indicator Diagram of Ideal Steam Engine 
with complete Adiabatic Expansion. 

operations. As in the Carnot cycle, ab repre¬ 
sents the conversion of a pound of water at 
T x into dry saturated steam at T ls and be 
represents its adiabatic expansion to T 2 , 
resulting in a wet mixture at c, the dryness 
of which (that is to say, the fraction that 
is present as vapour) is measured byjiiAratio 


A d 


1 m Entropy 11 

FlO. 2—Entropy - temperature Diagram for Ideal 
sion™ Engme Wlth Complete Adiabatic Expan¬ 
ses. Then ce represents the complete con¬ 
densation at T 2 of the steam in this wet 
mixture, and ea, which practically coincides 
. ^boundary curve, represents the re- 
sed water from T 2 to r I\. 
uice behaves reversibly 
““ations, and therefore 
le is represented by 


the closed area a bee. in the entropy-temperature 
diagram of Fig. 2. The diagram further 
exhibits the heat taken in and the heat 
rejected. The whole boat taken in is measured 
by the area lealm, the baso line lit being drawn 
at the absolute zero of temperature, and of 
this the area learn measures the heat taken 
in during the last operation, while tins water 
is being reheated, and the area walm measures 
the heat taken in during the first operation, 
while the water is turning into steam. The 
area ncel measures the heat rejected, namely 
during the condensing process ea. 

An important algebraical expression for the 
work done in the cycle is obtained by making 
use of the “ total-heat ” function I, explained in 
“ Thermodynamics,” (111), (AS). In the indi¬ 
cator diagram of Fig. 1, lot the lines ha and ea 
be produced to moot the line of no volume in;/ 
and Jc. Then by § (118) the area jhek is an 
amount of work equivalent to the difference 
of total heats of the working fluid at It and a, 
Ij -I ( ,, namely the “heat-drop” of a pound 
of steam in expanding adiabatieally from the 
condition at b to the condition at e. The 
small txreajae/c (the size of which in exaggerated 
in the sketch) is (P, ~ P 2 )V„ (2 , where V„,., is 
the volume of a pound of water at T,,. (We 
may take the volume of water to be practically 
constant for the purposes of thin calculation.) 
Hence the thermal equivalent of the work 
done in the cycle, per pound of steam, is 

H-H-AfH ~P 2 )V, ( , 2 , 

A being the factor for converting from unifs 
of work to units of heat. The same quantity 
of heat is represented in the entropy.tem¬ 
perature diagram, Fig. 2, by the area rubra, 

§ (3) Rankin® Gvor.n..This modified 

cycle is practically important because it is 
the nearest approach to a Carnot cycle that 
can be aimed at when the operations (if boiling, 
expanding, and condensing are conducted in 
separate vessels. The ideal engine already 
considered had one organ only a cylinder 
which also served as boiler and as cnmlenner. 
We come nearer to the conditions that hold 
in practice if wo think of an engine with 
separate organs, shown diagrammatieally in 
Fig. 3, namely a boiler A kept at T t , a, non¬ 
conducting cylinder and piston B, and a 
surface condenser 0,kept at T,,. To these 
must he added a food-pump D, which returns 
the condensed water to the boiler. Provision 
is made by which the cylinder can he put into 
connection with the boiler or condenser at will. 
With this engine the cycle of Fig. 2 can lie 
performed. An indicator diagram for the 
cylinder B is sketched in Fig. 4, 

Steam is admitted from the boiler, giving the 
line jb At b “ cut-off ” occurs, that is to sav 
the valve which admits steam from the boiler 
to the cylinder is closed. The steam in the 
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cylinder in then expanded adiabatically to 
the pressure of the condenser, giving the line 
be. At c the “ exhaust ” valve is opened 
which connects the cylinder with the eon- 
denser. The piston then returns, discharging 
the steam to the condenser and giving the 
line ck. Tho area jbek represents the work 
done jn the cylinder B. The condensed water 
is then returned to the boiler by 
the feed-pump, and the indicator 
diagram showing the work ex¬ 
pended upon the pump during 
this operation is sketched in .Fie/. 

5. It is the rectangle kmj, where 
ke represents tho up - stroke in 
which tho pump fills with water 
at tho pressure I\„ and aj repre¬ 
sents tho down- 
stroke in which 
it discharges 
water to the 
boiler against 
the pressure P L . 

If wo superpose 
tho diagram of 
tho pump on 
that of the 
cylinder wo got 
their difference, . 
namely oboe (Fit/. 1), to represent the not 
amount of work done by the fluid in the, cycle. 

It is tho excess of the work done by the fluid 
in tho cylinder over that spent upon the fluid 
ill tho pump. 

This cycle is commonly called tho Rankino 
Cycle. Like the Carnot cycle it represents an 
ideal that is not practically attainable, for 
it postulates a complete absence of any loss 
through transfer of heat between the steam 
fr and tho surfaces of 

1 1 the cylinder and piston 

or through irreversi¬ 
bility in the motion of 
tho working fluid. But 
it affords a very valu- 



aet one of the great improvements which 
distinguished the steam engine of Watt from 
the earlier engine of Newcomen, whore the 
steam was condensed- in the working cylinder 
itself. .1 ho introduction of a separate con¬ 
denser enabled tho cylinder to be kept com¬ 
paratively hot and thereby reduced immensely 
the loss that had occurred in earlier engines 
through the action of chilled 
cylinder surfaces upon tho enter¬ 
ing steam. But a separate con¬ 
denser, greatly though it adds to 
ollieioney in practice, excludes tho 
compression stage of the Oamot 
cycle, and consequently makes 
the Rankino cycle the proper 
theoretical ideal with which the 
performance of 


Fro. :t 



Fro. 4 


able criterion of performance by furnishing a 
standard with which the efficiency of any real 

engine may he compared.-a standard which 

IS loss exacting than tho cycle of Oamot, hut 
fairer for comparison, inasmuch as the fourth 
stage of tho Oamot cycle is necessarily omitted 
when the steam is removed from the cylinder 
before condensation. A separate condenser is 
indispensable in any real engine that pretends 
to omejoney. 

Tlio use of a separate condenser was in 


a real engine 
should bo com¬ 
pared. 

Tho efficiency 
of tho Rankino 
cycle is loss 
than that of a 
Oamot. cycle 
with tho same 
limits of tom- 
. , . _ poraturo. This 

is because, m tho Rankino cycle, the heat is 
not all taken in at tho top of tho range. In 
the Rankino cycle, as in Carnot’s, all the 
internal notions of the working substances are, 
by assumption, reversible, and consequently 
oauh oloinout of tho whole boat-supply pro- 
duoen the greatest possible mechanical effect 
when regard is had to the temperature at 
which that element is taken in, But part of 
the heat is taken in at temperatures lower 
than R, namely that quantity of 
heat which in I’oquircd to warm the 
watt'll.' up to the temperature of tho 
boiler, lienee the average efficiency 
is lower than if all had been taken 
in at Fj, as it would he in the cycle 
of Oamot. 

Each pound of steam that passes 
through the engine does a, larger 
amount of work in the Rankino 
oyolo than it _ does in the Oamot 
cycle. This will he apparent when 
the areas are compared which represent tho 
work in the corresponding entropy diagrams— 
the area aim with tho area abed in Fig. 2. 
But the quantity of heat that has to he supplied 
for each pound in the Rankino cycle is also 
gi eater, and in a greater ratio : it is measured 
by tho area Imbn in Fig. 2, as against mabn. 
Hence the efficiency is less in tho Rankino 
cycle, In the Rankino cycle, of the whole 
heat-supply tho part learn does only the com¬ 
paratively small amount of work c.acl, and the 
remainder of tho heat-supply, namely malm, 


J 
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does the same amount of work as it would do 
in a Carnot cycle. 

To express the efficiency of a Rankme cycle 
we may take in the first instance one in which 
the steam supplied to the cylinder is dry and 
saturated. The whole amount of heat taken 
in is the quantity required to convert water 
at P, and T 2 into saturated steam at P x . This 
quantity is I s3 - [I I( ,2 +A(P X - P 2 )V W2 ], for the 
total heat of the water at P 3 and T a is greater 
than I; ( , a hy the quantity A(P 3 — PaYi,^. I*i 
is the total heat of the steam as supplied 
from the boiler. 

The work done is, as we have seen, equal to 
the heat-drop minus the work spent in the 
feed-pump, or I 81 - I e - A(P X - P 2 )V,„ 2 , where 
I c is the total heat of the wet mixture after 
adiabatic expansion. 

The efficiency in the cycle as a whole is 
therefore 

I, 1 -I,.-A(P 1 -P 2 )V ic2 
Iji - fy. 2 - A (Pi - P 2 )V W2 ’ 

which is approximately equal to 


The feed-pump term A(P X - P 2 )V w2 , which 
occurs in both the numerator and the de¬ 
nominator of this expression, is relatively so 
small that it is often omitted in calculations 
relating to ideal efficiency, just as it is omitted 
in stating the results of tests of the performance 
of real engines. In such tests it is customary 
to speak of the work done per pound of steam, 
without making any deduction for the work 
that has to be spent per pound in returning the 
feed-water to the boiler. But to make the 
analysis of a Rankine cycle complete, the 
feed-pump term has to be taken into account, 
and it is only then that the area of the entropy- 
temperature diagram gives a true measure of 
the work done. The heat-clrop, by itself, is 
not an accurate measure of the work done in 
the Rankine cycle as a whole, nor is the 
heat-drop equal to the enclosed area of the 
entropy-temperature diagram, but to that 
area minus the thermal equivalent of the work 
spent in the feed-pump. 

If, however, we are concerned only with the 
work done in the cylinder of the ideal engine, 
then the heat-drop alone has to be reckoned. 
It is the exact measure of that work. The 
ratio of the heat-drop to the heat supplied 
shows what proportion of the supply is con¬ 
verted into work in the cylinder, under the 
ideal conditions of adiabatic action: it is a 
ratio nearly identical with the efficiency of 
the Rankine cycle, and even more useful as 
a standard with which to compare the per¬ 
formance of a real engine. In the actual 
performance of any real engine the amount 
of work done in the cylinder necessarily falls 


short of the adiabatic heat-drop, because tins 
working substance loses some heat to the 
cylinder walls. The extent to which it tails 
short is a matter for trial, and once that has 
been ascertained by trials of engines of given 
types, estimates may be made of (ho per¬ 
formance of an engine under design, using 
the adiabatic heat-drop as the basis of the 
calculation, with a suitable allowance for 
probable waste. 

§ (4) Total Heat: Wet Steam. -.To deter¬ 

mine tho ideal performance it is essential 
to calculate the adiabatic heat-drop under 
any assigned initial and final conditions. For 
this purpose wo have to Jind I,., (In' total 
heat of wet steam after adiabatic expansion. 
To bring tho mixture at t» (Fit/. 2) into the 
condition of water at e would require the 
removal of a quantity of beat equal to the 

area under eo, namely T(</>.</>„,), where r/» is 

the entropy at c, and </> w is the entropy id* 
water (at e). On tho other hand, to bring 
it to tho condition of saturated steam would 
require the addition of a quantity of heat 
equal to the area under <w, namely T(>/»„ «/*)* 

Hence the total heat of the mixture at j*. is 

I(> r ~ : lie + J (0 "" 0«>) 

or IflteI,-T(0,-0). 

Of these two expressions the second is the 
more convenient, because steam tables genera lly 
give more complete sots of values of ,/*„ Gian 
of </v 

The entropy <•/> of the wet mixture is the 
constant entropy under which adiabatic ex¬ 
pansion has taken place: it is to lie calculated 
from the initial conditions. This method of 
finding the total heat, after adiabatic ex¬ 
pansion, makes no assumption as to what 
the state of tho steam was before expansion : 
it is equally valid whether the steam was 
dry, wet, or superheated to begin with. 
What iB assumed is that after expansion the 
steam is wet, and that will in general he 
true even if there bo a large amount of initial 
superheat. It is also assumed that the vapour 
and liquid in the wet mixture are in thermal 
equilibrium. 

If the steam is dry and saturated at (lie 
beginning of tho adiabatic expansion, its 
initial total heat is I,, and the entropy through" 
out expansion is equal to 0 n , Under (hone 
conditions the total heat after adiabatic ex¬ 
pansion is 

I„=I, 2 - - (f> n ), 

and the heat-drop is 

I 81 -1 ( .=I n -1,.a + T 2 (</)„ a - </>„•,). 

To take a numerical example, let the steam 
be supplied in a dry-saturated state at a 
pressure P 3 of 1.80 pounds per square inch 
(absolute), and let it expand adiahatieatly to 
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a pressure P 8 of 1 pound per square inch, 
at which it is condensed. With these data 
we find from Callendar’s Steam Tables 
that T 1= :4(>2°-58, T,-dill 0 -84, =1-5020 

0« = 1-9724, I M = 608-53, I,, = 612-46. 

Hence the total heat after adiabatic ex¬ 
pansion to the assumed pressure of condensa¬ 
tion is 

I 0 = 612-5-311-8(1-9724- 1-5620) = 484-5, 
and the heat-drop 

Iji -1« = 668-6 - 484-5 = 184-0. 

If we consider the Rankine cycle as a whole 
the feed-pump term A(I\ - P 2 )V 1( , is 

(180-1)144x0-0161 

.1400 ^ ( )-30. 

Deducting this from the heat-drop wo have 
183-7 pound-calories as the thermal equivalent 
of the net amount of work done in the Rankino 
cycle. 

The heat supplied is 
I, 1 -I W2 -A(P 1 -P 2 )V W2 

= 608-5 - 38-6 - 0-30=629-6, 

and therefore the efficiency of tho Rankine 
cycle is 

1 M:. 7 - 0 -2oo 

629-6 

This figure would be scarcely altered if the 
. feed-pump term were left out of account. A 
Carnot cycle with the same limits of tempera¬ 
ture would have the efficiency 0-320. ' The 
difference between this and 0-292 shows the 
loss which results in the Rankine cycle from 
not supplying all the heat to the best possible 
thermodynamic advantage, namely at the 
top of the temperature range. 

§ (5) Rankine Cycle .- with Wet Steam. ■ 
—In the Rankine cycle described above the 
steam was supplied to tho cylinder in the 
dry-saturated state. But the term “ Rankine 1 
cycle” is equally applicable whatever be the 
condition of the working substance on ad¬ 
mission, whether wet, dry-saturated, or super¬ 
heated. As regards the action in tho cylinder ( 
all that is assumed is that the substance is 
admitted at a constant pressure P,, is expanded ( 
adiabatically to a pressure P a and is discharged fl 
at that pressure, and that in tho process there 11 
is no transfer of heat to or from tho metal, 1 
nor any other irreversible action. In these * 
conditions the heat-drop in adiabatic expansion p 
from Pi to P a is tho thermal equivalent of tho y 
area jbe/e in Fig. 1, and therefore measures the 
work done in the cylinder, no matter what 
the condition of the substanoe on admission Cl 
may be. T 

A. Rankine cycle for steam that is wet on C) ' 
admission to the cylinder is shown on tho 
entropy-temperature diagram by the future 61 
ab'ce in Fig. 6. The point 1/ is placed so 


that the ratio of the length ah' to ab is equal 
t r/j, the assumed dryness on admission. The 
p le + p re ^' esen ^ ,s af 6abatic expansion from 
• .1 o a» cl i epresents condensation at P„, 
and represents, as before, the heating of the 

hn? d T Sed W + f er ; TllG aroa with t{ ie Shaded 
boundary is the thermal equivalent of the work 
clone in tho cycle. 

The total heat before adiabatic expansion 



m Entropy 11 ' 

l'iu. 0. Rankino Gyolo with Steam initially wet. 

is Im + aLj or In - (1 - c/iMo, and the heat 
supplied is the excess of this quantity above 

I W ,+ A(P 1 -P„)V W 

ja Tho entr °Py 0 during adiabatic expansion 
0«i + f/iLi/ r I\ or r/> sl - (I - qJLJT^ 
and the total heat after adiabatic expansion is 

I«2 - T a (i/) #2 - it 1 )), 

The heat-drop is got by subtracting this from 
the total heat before adiabatic expansion. 

Tho efficiency (which, as before, is practically 
equal, to tho heat-drop divided by tho heat 
supplied) is slightly less than when tho steam 
is . saturated before expansion ; the ren/son. 
being th&A Ahe proportion of heat supplied at 
the upper limit of temperature is now rather 
less, because part of the water remains uncon¬ 
verted into steam. 

As a numerical example let the steam have 
the same limits of pressure ap before, but 
contain 10 per cent of water on admission. 
Ilien q x is. 0-9 and the total heat per pound 
of the mixture before expansion, which is 

090~9 01 48O iS r^ 2 i 9 'mi ThO heat SUp P lied ia 
CLO 9 - 38-9 — 582-0. Tho. entropy is 

c/V -71^ = 1-4591. 




